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ABSTRACT 

 This study investigated the possibility of utilizing a Triggered Isomer Heat 

Exchanger (TIHE) within a conventional jet engine in order to increase the endurance of 

a High Altitude Long Endurance (HALE) Intelligence, Surveillance, and Reconnaissance 

(ISR) aircraft.  Optimizations of the conventional and TIHE engines along with selection 

of a switchover flight condition, where the aircraft switches from combustion to TIHE 

operations, were made utilizing engine design and mission analysis software.  Radiation 

shield weights were determined utilizing point source gamma ray shielding methods.  

The jet engine best suited for the hybrid use, where both combustion and TIHE 

components located in a single engine, was a mixed stream turbofan engine flying both 

the conventional and TIHE legs of the mission, with a switchover Mach of 0.4 and 

switchover altitude of 40,000 ft.  With the single hybrid engine, including shield weights 

and modifications, endurance could easily be extended into weeks instead of days, while 

also resulting in a 20% drop in takeoff weight of current vehicles.  The reduction in 

weight was due mainly to lower fuel requirements.  
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DESIGN STUDY OF TRIGGERED ISOMER HEAT EXCHANGER-COMBUSTION 

HYBRID JET ENGINE FOR HIGH ALTITUDE FLIGHT 

 

 

1. Introduction 

1.1 Motivation 

With the advent of nuclear fission in the 1940’s and the rapid development of 

aerospace propulsion systems during that same time, it seemed that the idea of powering 

the engines of aircraft and spacecraft with nuclear energy was an ideal merger of these 

two research thrusts.  Preliminary work was done on developing nuclear powered rockets, 

jet engines, and ramjet engines during the late 1940s and throughout the 1950s (1, 2, 3).  

Both the US and USSR conducted rigorous research and development programs in this 

field, but ultimately cancelled their respective programs, due to technical difficulties and 

growing safety concerns. 

For the past 40 years, little research has been done specifically relating to nuclear 

powered jet engines.  Recent discoveries, in the field of controlled or triggered nuclear 

decay (4, 5), along with 40 years in the advancement of materials, airframe design, and 

jet engine development, have reinvigorated the possibility of running aircraft on nuclear 

power.  Nuclear power could conceivably provide aircraft with compact heat sources 

allowing larger thrust levels than conventional chemical combustion systems can provide, 

as well as practically eliminating endurance limitations based on fuel requirements (2).   
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If this new power source can be utilized to provide heat energy to jet engines, it 

could dramatically change flight envelopes, costs, and capabilities of aerospace vehicles.  

High drag losses, which occur during low altitude flight, could be compensated by these 

propulsion systems; changing the fundamental way flight paths are developed.  Flight 

times could be reduced by hours, if the need for refueling was eliminated.  Thrust to 

weight values of these engines could allow for vertical or short runway takeoffs to 

become commonplace, imaginably eliminating the need for large runways. 

While this idea has tremendous potential, research must begin in an orderly and 

progressive way.  Basic systems need to be designed and suitable first-step applications 

need to be developed.  Research into replacing a combustion section of a turbojet engine, 

with a triggered isomer heat exchanger represented the start of this process, by showing 

that the concept was feasible (6). 

 

1.2 Problem Statement 

The goal of this study was to develop methods for selecting jet engine 

configuration and flight path adjustments as well as estimating component weights for a 

two-stage High Altitude Long Endurance Unmanned Aerial Vehicle.  The two stages 

being a conventional chemical combustion heat source powered flight segment and a 

triggered isomer heat exchanger powered segment.   It was planned to utilize the Global 

Hawk UAV as a baseline representative of a generic HALE-UAV, in order to compare 

performance of the new two-stage approach with the current performance. 
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The approach selected for this study used traditional engine design and mission 

analysis methods to determine the fuel consumption of the traditional portion of the 

mission and the power requirements for the Triggered isomer heat exchanger (TIHE) 

portion of the mission for different engine types.  The use of a range of switchover flight 

conditions allowed for the optimization of not only the engine type but also the flight 

path, to an extent. Once an optimized engine and flight path were selected, shield weights 

were calculated using point source gamma radiation shielding methods. 

With all of this information, a direct weight comparison of the current and 

proposed vehicles could be made.  The final results, while important, were of equal value 

to the methods developed to get the results.  This study represents a first step at 

determining application-based requirements for this new Triggered Isomer Research 

Program. 

 

1.3 Thesis Overview and General Comments 

This work is organized into five chapters along with three appendices.  Chapter 2 

contains information about the history of and results from research conducted on nuclear 

powered aircraft, as well as background information on the triggered isomer research 

program.  Chapter 3 represents a discussion of methods developed and used for this 

research, along with explanation of pertinent theories.  This chapter also explains the two 

programs used during this research.  Chapter 4 presents the results of this study, including 

conventional and TIHE engine selections along with component weight calculations.  

Chapter 5 provides closure, in the way of overall conclusions of the research and 
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recommendations for future study.  Several appendices have been included that 

summarize results discussed in Chapter 4. 

A short discussion about the unit systems used in this document is necessary.  

Due to the common practice, in engine and aircraft design of using English engineering 

units, the values used in these calculations are displayed primarily as English units.  SI 

units are preferred, in general, for most other engineering applications and have been 

included in parentheses.  Radiation calculations are made in SI units as is common in that 

field, however shield weights have been converted into English units for consistency 

within this report.  In some cases, graphs presented will mix units.    

 

 

 4



 

2. Background/History 

Before a study of this type could be started, information on several pertinent 

topics needed to be gathered and examined.  Since the current research was going to 

involve Triggered Isomer (TI) physics, High Altitude Long Endurance (HALE) aircraft, 

Unmanned Aerial Vehicles (UAVs), and heat exchanger-powered jet engines; previous 

work in these areas were studied. 

 

2.1 Triggered Isomer Program 

The first area to be examined is triggered isomer physics research.  While 

research in radioisotope decay is not new, the ability to trigger a large release of this 

energy on demand is a recent discovery.  The Directed Energy Directorate of the Air 

Force Research Laboratory has been working in this field for the past several years and a 

joint Department of Defense and Department of Energy effort has been created to pursue 

this technology (5). 

In 1998, University of Texas researchers led by Dr. Carl Collins were able to 

trigger significantly increased energy decay in a Hafnium isomer sample using a dental 

X-ray unit (4).  The decay of the Hafnium in this case was a cascade of Gamma rays and 

X-rays of varying energy levels.  Some of the X-rays in the cascade were similar in 

power and wavelength to the triggering X-rays from the dental device.  If a means of 

reflecting the X-rays can be incorporated into a reactor, a chain reaction might be 
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possible.  This would allow for a near instantaneous decay and the creation of a 

controllable power source. (5: 1)  

This very compact power source could provide large amounts of heat.  Aircraft 

and spacecraft could utilize this new power source, if it was made part of a high thrust-to-

weight heat exchanger propulsion system.  Rockets, or even jet engines, could be 

modified or redesigned to utilize this propulsion system in order to gain specific impulse 

or endurance values that are not possible with conventional combustion techniques. 

An important factor that separates this triggered isomer reaction from fission 

reactions is that the radiation output is significantly less.  Normal fission reactions, that 

have been proposed to drive rockets and jet engines, produce not only gamma radiation 

but also release neutrons and fission products, which would significantly increase 

shielding requirements, perhaps offsetting the weight reductions from the compact heat 

source.  Gamma radiation, the only significant radiation product from TI reactions, while 

still dangerous, requires less shielding (5). 

One of the studies commissioned by the triggered isomer program was a 

feasibility study of replacing outright a combustion section of an off-the-shelf turbojet 

engine with a solid-state heat exchanger (6).  This study, utilizing current computational 

fluid dynamics and heat transfer methods, was able to show that a J-57 turbojet engine 

could provide equal thrust with a combustor or a heat exchanger at sea level static 

conditions.  Several conclusions were made in this study. 

The first was that if the heat generation rate could be controlled and that the heat 

exchanger material itself was made from the isomer, several different configurations 

could be utilized to be suitable replacements for the combustor.   Issues of manufacturing 
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and development of the triggering and control system were left as areas for further 

research. 

The second conclusion was that the ability of this heat exchanger to supply 

sufficient heating to the flow increases with higher altitudes.  Due to the thermodynamics 

involved in engine performance at higher altitudes, heating requirements also drop off.  

This results in lower heat generation rates and reduced radiation output, thereby 

extending component lifetime. 

The final conclusion was that this heating source would greatly increase aircraft 

endurance and “could drastically change the operating paradigms for many missions.”(6: 

5-2)  Heat exchanger geometry could be optimized for specific aircraft and missions that 

would result in even more efficient turbojet engines. 

 

2.2 High Altitude Long Endurance Mission study 

The research done so far on TI reactor systems shows that it has the potential of 

being an enabling technology for aerospace propulsion (5).  Possible applications for 

atmospheric flight include: highly maneuverable fighter/attack aircraft; long range cargo 

or passenger flight; long endurance intelligence, surveillance, and reconnaissance (ISR) 

platforms; long endurance communication relay platforms; and very long range cruise 

missiles.  Rocket propulsion could also be enhanced resulting in significantly lower 

launch costs and shorter trip times to other planets. 

As can be imagined the possible applications are numerous, so a particular 

mission needed to be selected, in order to do a more detailed study of design parameters.  
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All of these missions were considered in the current study, and several important aspects 

of research done to date, as well as probable priorities, were used to narrow the mission 

to a suitable candidate for study.  Due to the research already conducted by Hartsfield (6), 

it was deemed that utilizing the TIHE system to power jet engines held promise.  Rocket 

applications are still very much possible and should be studied.  This decision to look 

only at jet engines narrowed the field down to aircraft. 

Of the possible aircraft missions, the benefits of extended endurance impact 

heavily on the ISR platforms.  Limiting the scope of this study to ISR aircraft, does not 

degrade the value of studying other missions, but allows for further depth into the design 

process.  Many ISR aircraft fly at high altitudes to avoid surface threats and to allow 

larger area coverage.  Slow flight allows for longer loiter times over the areas of interest.  

Both of these aspects of ISR platforms lower required thrust to maintain flight and make 

this mission ripe for TIHE application. 

Due to radiation concerns, the first application of a TIHE powered jet engine will 

likely be on Unmanned Aerial Vehicles.  In the case of HALE missions used in the ISR 

vehicles, this is advantageous since life support requirements become prohibitive very 

quickly due to mission duration and altitude.   

With the selection of the HALE-UAV mission, it is important to note that such an 

aircraft has been recently produced and is flying operational missions.  The Global Hawk 

aircraft, built by Northrop-Grumman for the United States Air Force, is the first High 

Altitude ISR UAV in production.  The Global Hawk program started in 1994 as an 

Advanced Concept Technology Demonstrator and is currently completing its 

engineering, manufacturing and development phase (7).  It has successfully been tested in 

 8



 

action as part of the Department of Defense’s Operation Enduring Freedom over 

Afghanistan. 

Since this aircraft represents the current leading edge of technology in the realm 

of HALE UAVs designed for ISR missions, it is an obvious choice for a baseline vehicle.  

Utilizing the current configuration of the Global Hawk will allow for comparison of 

weights and performance when utilizing the TIHE power source. 

 

2.3 Global Hawk UAV 

The Global Hawk UAV is an ISR platform that provides high altitude, long 

duration coverage.  It has a 44.4 ft (13.53 m) long by 4.8 ft (1.46 m) wide fuselage with a 

wingspan of 116.2 ft (35.42 m), a wing area of 540 ft2 (50.17 m2) and an aspect ratio of 

25.  Takeoff weight is 25,600 lbf (113.87 kN), with a 1,900 lbf (8.45 kN) payload and 

14,500 lbf (64.5 kN) of fuel.  The vehicle is powered by a single Allison AE3007H high 

bypass, dual spool, axial-flow turbofan engine with 8,290 lbf (36.9 kN) of uninstalled sea 

level static thrust (7, 8, 9, 10). 

The current range of the Global Hawk is a 1,200 nautical mile (nmi) (2,221 km) 

radius with 24 hours on station, with a planned extension to a 3,000 nmi (5,552 km) 

range radius.  Its loiter altitude is between 50,000 (15.24 km) and 65,000 ft (19.8 km).  Its 

nominal mission profile will be discussed in Chapter 3. 
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Figure 1: Global Hawk Air Vehicle Outline (9) 

 

2.4 History of Nuclear Powered Aircraft Development 

With the first success of a triggered isomer reaction occurring only recently, very 

little research has been completed in the design of propulsion systems utilizing this power 

source.  Other than Hartsfield’s research (6) on applications using a turbojet engine, the 

author found no published work in the field of TIHE powered aircraft.  While the specific 

reaction is new, the concept of using nuclear power in aircraft was studied extensively by 

both the United States and the Soviet Union throughout the late 1940’s, 1950’s and early 

1960’s.  Important concepts applicable to both fission and TI reactions were researched 

and are listed here. 

 

 10



 

2.4.1 NEPA to ANP.  The United States began its fission powered aircraft research in 

1946 by authorizing the Fairchild Engine and Airplane Corporation to conduct a 

feasibility study for using nuclear energy for the propulsion of aircraft (NEPA).  

Preliminary research was done at Oak Ridge National Laboratory where other nuclear 

research was being accomplished.  In 1948, the Atomic Energy Commission created a 

separate study group at Massachusetts Institute of Technology (MIT) to study the 

feasibility of nuclear propulsion for aircraft.  This study concluded in a report, called the 

“Lexington Report,” that nuclear propulsion was feasible and that it could be achieved in 

15 years with a price tag of over one billion dollars. (2, 11) 

Due to the findings of the Lexington group, the two separate research efforts were 

combined in 1950, into a more focused program called the Aircraft Nuclear Propulsion 

(ANP) program.  This program’s goals were to develop information on reactor materials 

and shielding, as well as creating designs for aircraft and power plants within a 3-5 year 

time span.  In 1951, demonstration of nuclear flight was added to the list of goals.   

Throughout the 1950s, funding and priorities issues caused significant slowdown of 

achieving the set goals.  Development occurred but at a much slower pace than originally 

thought.  

Several projects developed within the ANP program including the Project Rover 

nuclear rocket, the Project Pluto nuclear ramjet, and the Snap nuclear auxiliary power 

system programs (2).  The manned aircraft program remained the major focus of the ANP 

and several important research projects were contracted out.  These projects included 

airframe development, jet engine and reactor design, and radiation shielding. 
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2.4.2 ANP Airframe Development.  Airframe development began with early estimates 

pointing to the feasibility of a supersonic manned bomber.  Technical issues quickly 

interfered with the concept, which resulted in the decision to convert a B-36 into a flying 

subsonic nuclear propulsion test-bed instead.  The contract for this work was awarded to 

the Convair Division of General Dynamics Corporation, where the modified B-36 would 

be redesignated the X-6 (12).  This aircraft was later used as a test-bed for shield 

development after the X-6 program was cancelled.  A second contract was awarded to 

Lockheed Aircraft Corporation to investigate the feasibility of a transonic nuclear bomber 

that would fly below 5,000 ft (1.5km).  (12:70) 

The Lockheed study pointed out important concepts that the aircraft designer 

utilizing a nuclear propulsion system must be aware of (13). The first being that since the 

reactors of the time were immense, on the order of tens of thousands of pounds, it 

represented a highly concentrated weight in the aircraft.  In a conventional aircraft, the 

weight of the fuel is normally carried in the wings, spreading the total weight of the 

aircraft throughout the structure.  This cannot be accomplished in an all-nuclear aircraft, 

where the reactor and majority of the shield weight is located near engines.  This would 

require intensive structural consideration in the design. 

The second concept was that powerful radiation emanating from the reactor must 

be attenuated to acceptable levels.  This led to the concept of divided shielding, where the 

shield is divided into a section around the reactor and a section around the crew 

compartment.  This reduced the total weight of shielding while providing necessary 
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radiation protection to the crew.  The downside to divided shielding is that it allows for 

high radiation rates everywhere else in the airframe and into the environment. 

Thirdly, since this propulsion system resulted in virtually unlimited flight 

endurance, several design challenges were introduced.  The first is in calculating 

performance, where traditional methods take into account decreasing weight of the 

aircraft, due to fuel consumption.  This lack of change in weight actually simplifies 

calculations, but the differences must be kept in mind during design work.  Also, landing 

gears are normally designed to withhold the impact of about half the weight of the 

aircraft.  This is not the case with the all-nuclear aircraft and therefore landing gear will 

have to be designed to withstand the full takeoff weight at landing. 

 

2.4.3 Reactor and Engine Development.  Development of the reactors and jet engines 

took two separate paths: a direct-cycle and an indirect-cycle system.  Pratt & Whitney 

Aircraft Company was contracted, in 1953, to pursue the development of liquid-metal 

indirect cycle turbojet systems.   The idea was to heat a liquid metal using the nuclear 

reactor and use the liquid metal to heat the air flow in a turbojet engine.  Gains were 

made in reactor and heat exchanger designs, however the research never produced a test 

reactor (3). 

The Direct-cycle program was run by General Electric and was extremely 

successful.  In a direct cycle jet engine, the airflow in the engine is diverted after it leaves 

the compressor.  It then enters the reactor, is heated directly, and then ducted back into 

the turbine section of the engine.  In 1956, a ground test of a modified J-47 turbojet 
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engine was operated by a nuclear reactor in what was referred to as the Heat Transfer 

Reactor Experiment No. 1 (HTRE-1) (14).  

This program was continued with more rigorous experiments, HTRE-2 and –3, 

that validated the concept of utilizing a nuclear reactor to power one or more turbojet 

engines.  The final configuration for HTRE-3 powered two turbojet engines and was of 

the size to fit within an aircraft even though it was not designed to be a flight test model. 

In addition to proving the basic concept, it also showed that a chemical-nuclear 

system could be used in tandem.  All three engines were in reality hybrid combustion-

nuclear turbojets.  Each modified J-47 engine kept its combustion section and utilized it 

in starting the engine until the reactor could be brought up to the correct temperature.  

The chemical fuel was throttled down until the reactor provided all of the heat, at which 

point the fuel was shut off and the combustion process ceased. (14: 98)   While the HTRE 

series was very successful, a flight test model was never built. 

 

2.4.4 ANP Shield Development.  Radiation shield research was done both on the 

ground with the runs of the HTRE tests, as well as on board the Convair B-36 that was 

cut from the X-6 program.  The aircraft was fitted with a one-megawatt reactor weighing 

36,000 lbf (160.1 kN), for shield research.  The aircraft completed 47 successful flights 

during the remainder of the ANP program.  Unfortunately, shielding requirements for the 

envisioned manned bomber were prohibitive. (12: 69-73) 

With a nuclear test ban treaty being worked on by the nuclear-capable nations and 

the technical hurdles slowing down the 3-5 year plan proposed in 1950 to a crawl, 
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support for a nuclear powered aircraft dwindled. The ANP program was cancelled in 

1961, despite the gains made. The technical hurdles that killed this nuclear fission 

powered program are important to any research dealing with nuclear powered flight. 

Shielding weights were immense for the first aircraft design pursued.  A low, fast, 

manned bomber was the goal throughout the NEPA/ANP program.  This took advantage 

of the huge amounts of power available from fission reactions, but since radiation levels 

are directly related to the total power output of a reactor, radiation levels were also huge.  

Even after the decision was made to compromise the supersonic aircraft into a subsonic 

test vehicle, the goal was still a supersonic vehicle. 

Materials, at the time, limited the heat that could be withstood by components of 

the engine.  In addition, jet engines were relatively new and were inefficient compared to 

today’s standards.  Even with the difficulties, progress was being made. With time and 

effort, there is little doubt that a working test vehicle would have been constructed and 

flown. 
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3. Methods and Theory 

This chapter covers the methods used to select mission parameters, engine type 

and parameters, and shield weight.  Included in each method are important theoretical 

issues that need to be understood as part of the design and selection process. 

 

3.1 Basic Flight Dynamics 

In order to design engines for aircraft, consideration to the forces acting on the 

engine must be made.  The basic forces acting on an aircraft can be summarized as Lift 

(L), Drag (D), Thrust (T), and Weight (W).  Lift and drag are aerodynamic forces caused 

by a moving body interacting with the atmosphere. Weight is the force gravity exerts on 

the aircraft downward and thrust is the force applied to the aircraft from the engine(s). 

A traditional equation for Lift is: 

 
L nW=

1
2

ρ V2 CL S=
  (1) 

where 

 n = load factor 

 ρ = density (lbm/ft3) 

 V = velocity (ft/sec) 

 CL = lift coefficient  

 S = wing area (ft2) 
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The amount of lift needed for an aircraft depends on whether the aircraft is flying 

straight and level, turning, climbing, or descending.  Since all of these values are known 

at a specific moment in flight, the only independent variable becomes the lift coefficient.  

An equation used throughout the aircraft performance calculations rearranges eqn. (1) 

into a new form. 

 

 

CL
nβ

1
2

ρ V2

WTO
S








=

 (2) 

 

where 

 WTO = take-off weight 

 β = current weight fraction (W/WTO) 

 

This grouping of terms assumes that the takeoff weight of the aircraft, the wing 

area, flight conditions, and the current weight of the aircraft are known.  The value 

calculated for CL usually determines the attitude of the wings with respect to the 

freestream air flow. 

The equation for aerodynamic drag is similar to the lift equation: 

 
D

1
2

ρ V2 CD S=
 (3) 

where CD is the drag coefficient.  CD values are normally taken from wind tunnel 

testing, CFD, or flight test data and are based on CL numbers.  An equation for 
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calculating CD, as a function of CL, is called the Drag Polar and represents the sum of 

induced drag, skin friction, and pressure drag components. 

 CD K1 CL
2 K2 CL+ CD0+=  (4) 

 K1 K' K''+=  

 K2 2− K'' CLmin
2=  

 CD0 CDmin K'' CLmin
2+=  

where 

 K’ = inviscid induced drag 

 K’’ = viscous skin friction and pressure drag 

 CLmin = minimum value of CL 

 CDmin = value of CD at CLmin 

 

With a method to calculate lift and drag at each point in a mission, an easy means 

to determine thrust required is available.  There are two different types of thrust 

maneuvers, one where thrust is equal to drag for steady flight or steady turns and the 

second is where the thrust is either larger or smaller than the drag leading the aircraft to 

accelerate or decelerate.  The methods to determine required thrust will be explained in a 

later section. 

 

3.2 High Altitude Long Endurance UAV Drag Polar 

Drag Polar data can be roughly estimated for aircraft that fit into several 

categories (fighters, large passenger/cargo planes, small private planes) due to the 
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abundance of information available and the similarities within each type.  For high aspect 

ratio (AR) HALE vehicles however, there is not a wealth of drag polar data available.  

Methods used for the other smaller AR vehicles break down in analysis of their high AR 

counterparts (15).  Rough estimates were made based on existing HALE aircraft (16).  

This data was curve-fitted using the least squares method to match the drag calculations 

that would be used in the software.  This information represents an estimate on drag for a 

similar aircraft and was deemed suitable for this study. 

 

3.3 Mission Description 

In engine design, three things must be determined before starting: aircraft 

configuration, mission description, and material tolerances.  Since in this study, the 

Global Hawk aircraft is being used as a design reference, the aircraft configuration is, for 

the most part, predetermined.  In this section we will examine the reference mission of 

the TIHE/conventional powered HALE UAV.   

The notional Global Hawk mission calls for 8 main legs as illustrated in Fig. 2.  

The first is warm-up and takeoff and has a constraint that the aircraft must take off from a 

NATO standard runway of 8000 ft (2.44 km).  This is followed by the climb-to-cruise leg 

that is planned to occur within a 200 nautical mile (nmi) (370 km) range.  The Global 

Hawk then achieves a 3000 nmi (5,552 km) cruise climb to loiter target.  The loiter phase 

of the mission has a minimum time on station (ToS) of 24 hours at an altitude of between 

60-65,000 ft (18.3-19.8 km).  At the end of the loiter phase, the aircraft initiates its egress 

cruise back 3000 nmi.  This is followed by a descent to sea level scheduled for a 200 nmi 
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range.  A one hour reserve loiter at sea level is the next leg.  The aircraft completes its 

mission by landing at a NATO standard runway. 

 

 

Fig. 2: Notional Global Hawk Mission Profile (8: 3-4) 

 

In an attempt to keep changes to the proposed HALE UAV airframe to a 

minimum with the installation of the TIHE/Conventional Jet engine, no major 

modifications are made to the basic mission outline.  The new mission profile will be 

split into two phases: the conventional takeoff, climb, and landing, along with the TIHE-

Powered start at switchover altitude, climb to cruise condition, cruise to target area, long 

duration loiter, return cruise, and descent to switchover altitude. 

Several important and overarching concerns should be addressed at this point.  

Obviously, the longer the vehicle is powered by the conventional engine, the more fuel 
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that is required.  Minimization of the conventional engine run time must be weighed 

against operational requirements and safety issues.  There would be significant political 

prohibitions on operating a high power gamma ray source like the TIHE engine near 

domestic, populated areas.  Addressing this concern led to three main constraints on the 

mission development: restricting TIHE operation to a 20,000 ft (6.1 km) altitude deck, 

basing of operational units close to domestic or allied borders or oceans, and a 200 nmi 

conventional fly-out away from allied airspace.  These constraints will be determined 

more by the political atmosphere than by any physical limitation and represent a best 

guess, which will have to be reevaluated at the time of actual design and operation of this 

proposed aircraft. 

  After the TIHE has become the primary power source for the engine, the mission 

loses its range limitations for the TIHE-cruise as well as the extended TIHE-loiter leg.  

The modified mission profile, shown in Fig. 3, shows only the ingress legs with the 

assumption that the egress will be a mirror image with the addition of the 1-hour SL 

conventional fuel reserve loiter leg. The variation in the three different mission profiles, 

shown in Fig. 3, is the altitude level at which the engine switches from conventional 

combustion to its Triggered Isomer heat exchanger mode.  The switchover altitudes were 

chosen as 20, 30, and 40,000 ft (6.1, 9.14, 12.19 km) in order to study a parameter to 

optimize both conventional and TIHE phases.   
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Fig. 3: Proposed TIHE/Conventional Mission Profile 

  

3.4 Engine Selection 

A major thrust of this research was to select the optimum engine type for use as a 

TIHE powered jet engine.  Looking at a vast array of engine types allows for the 

selection of the best engine for the task.  Several engine types were eliminated from study 

for the following reasons.  Internal combustion engines were ruled out due to the inherent 

combustion reaction that will not be taking place with TIHE.  Rockets may be an 

excellent choice for other applications of TIHE development.  Propellant mass 

requirements during long duration atmospheric missions quickly become prohibitive due 

to large propellant weight.  Ramjets and scramjets are also good choices of engines for 

other missions, but the subsonic flight regime utilized by the HALE UAV makes these 

engines inefficient compared to turbo machinery engines. Afterburning modifications to 
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turbo machine jet engines were not considered due to the mission requirement to 

minimize conventional fuel use.  However, this modification could be looked at for 

increased maneuverability or for different missions. 

Five engine types were examined: single spool turbojet, dual spool turbojet, split-

stream turbofan, mixed-stream turbofan, and turboprop.   No decision was made at the 

outset of this study to limit the aircraft to either a single hybrid engine or two or more 

completely separate engines.   

 

3.5 Optimizing Switchover Altitude and Mach 

The main variables in the TIHE/conventional HALE UAV mission, that were not 

initially decided, were switchover flight conditions.  A major portion of the optimization 

process included determining an optimum altitude and Mach combination for switchover 

between the conventional phase of the mission and the TIHE phase of the mission.  The 

method developed to determine this switchover condition was to use nine different 

switchover conditions.  In this way, both a Mach sweep of 0.4, 0.5, and 0.6 along with an 

altitude sweep of 20 k, 30 k, and 40 k ft could be simulated.  The max value of the Mach 

sweep was determined by the cruise Mach condition of the current Global Hawk mission. 

 

3.6 AEDsys and ONX 

Software that is based on the engine design methods described in Mattingly, 

Heiser, and Daley’s Aircraft Engine Design textbook was used in the engine optimization 
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and selection process (16).  Aircraft Engine Design System Analysis Software (AEDsys) 

version 2.13 (18) was used in conjunction with an embedded version of On-Design 

Analysis of Gas Turbine Engines (ONX) version 4.021 (19).  ONX was used to develop a 

particular engine for on-design flight and this data was then saved into a data file for 

input into AEDsys.  AEDsys was used to calculate fuel use and aircraft performance for 

the given on-design engine (from the ONX data file) and specific mission leg 

descriptions.  It was also used to size inlet and exit areas for each of the inputted on-

design engines.  The following sections will describe how these two programs work 

together to calculate fuel consumption, thrust, and inlet and exit sizing for a given engine. 

Both programs use a standard station numbering system that works for each type 

of jet engine.  Figure 4 shows a diagram and a station-numbering scheme of a mixed 

stream turbofan engine and similar notation will be used for all types. 

 

Station Location Station Location 
0 Free stream 4 Burner Exit 
1 Inlet or diffuser entry 5 Turbine Exit 
2 Fan Entry 9 Exhaust Nozzle exit 
3 High Pressure Compressor (HPC) Exit 16 Bypass exit 

Figure 4: Engine Station Numbering (source 20:313, image reproduced with 

permission from author) 
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3.6.1 ONX 

ONX estimates engine performance parameters in terms of design limitations, 

flight conditions and design choices, by treating each stream in the engine as one-

dimensional flow of a perfect gas.  Non-ideal component behavior is accounted for by 

including realistic component efficiencies. (16:97)  The process used is a fairly 

straightforward series of equations that calculate pressures and temperatures at each 

station, using the specified compressor pressure ratios, burner pressure ratio, turbine inlet 

temperature, mechanical efficiencies, and the efficiencies for diffusers, nozzles, burner, 

compressors, and turbines.  These equations are specific for each engine type and utilize a 

work balance on the high and low pressure spools (if dual spooled) to determine the 

pressure and temperature ratios across the high and low pressure turbines.  Equations that 

are not included in this document can be found in both Aircraft Engine Design and 

Elements of Gas Turbine Propulsion (16, 20). 

One calculation of interest is the overall uninstalled thrust equation, which is the 

application of conservation of momentum to a control volume consisting of the flow 

entering and exiting the engine.  In order to calculate the uninstalled thrust, eqn.(5) must 

have values for pressure, area, and velocity of the flow exiting the nozzle.  These values 

are calculated as part of the ONX algorithm. 
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F

m9 V9 m0 V0−( )
gc

A9 P9 P0−( )+=
 (5) 

where 

 F = uninstalled Thrust (lbf) 

 m0 = mass flow rate at station (lbm/sec) 

 V = velocity at station (ft/sec) 

 A = cross-sectional area (ft2) 

 gc = Newton’s constant (32.174 lbm ft/(lbf sec2)) 

 

 

Since mass flow rate, m0, is not an input to ONX, the program tabulates its results 

as specific values such as specific thrust (F/m0) and uninstalled thrust specific fuel 

consumption (S).  These values along with fuel-to-air ratio, ONX input values, 

component pressure ratios, and component temperature ratios are saved to the output 

reference file.  Immediately prior to saving the reference file, the software requests a 

reference mass flow rate and calculates the thrust and fuel consumption rates at the on-

design condition. 

This process of creating an engine in ONX is very fast, once all of the input 

values have been determined.  A large series of engines at different on-design values can 

be created rapidly with small incremental changes of any of the 20+ inputs.  To be 

effective in an optimization study, many of the inputs are chosen to be constant, in order 

to reduce the search to a reasonable time limit.  This calls for finding the best 

combination of a few of these parameters while using realistic estimates for the other 

input values. 
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Each engine type utilizes slightly different input parameters, however many of the 

component parameters are similar in all engine types.  These similar values that were set 

constant for this study have been collected in Table 1.   

 

Table 1: Engine Design Parameters 

Description Design Value Description Design Value 

Polytropic Efficiency  Total Pressure Ratio  
Fan  0.89 Inlet 0.97 
Low Pressure Compressor 0.89 Burner 0.97 
High Pressure Compressor 0.9 Mixer 0.97 
High Pressure Turbine 0.89 Nozzle 0.98 
Low Pressure Turbine 0.91 Diffuser Max 0.97 
    
Component Efficiency  Miscellaneous  
Burner 0.98 Fuel (JP-4) Heating Value 18000 BTU/lbm 
Mechanical  Turbine cooling air 5% 
Low Pressure Spool 0.99 Bleed air flow 1% 
High Pressure Spool 0.98 Power take off 1% 
Power Takeoff 0.98 P0/P9 1 
Propeller 0.82 Mach Number @ 6 0.4 
Propeller Gear 0.99   
    
Component Specific Heats  Ratio of Specific Heats  
Compressor .238 BTU/lbm-R Compressor 1.4 
Turbine .295 BTU/lbm-R Turbine 1.3 

 

 

This now leaves only a few very important design choices to be studied for the 

optimization process.   At this point, material and structural limitations are looked at in 

order to set engine control values for AEDsys to limit engine operation. 
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3.6.2 Engine Controls 

Several maximum parametric values are important in both the ONX and AEDsys 

programs.  AEDsys, in particular, uses these inputs as engine controls and restricts the 

engine from operating above these values.  Due to the first-order optimization of several 

engine types in this study, general values were sought for ease of use to be applied across 

all engine types.  A more comprehensive engine design would yield more accurate engine 

control values, however this would normally be done at a later stage of engine design.  In 

this section, methods to select these values will be described.   

By noticing trends in values of current and future engines, many realistic choices 

can be made (21, 22).  For turbine inlet temperature (TT4), a 3200 °R (1778 K) maximum 

value was selected consistent with values for current engines.  Maximum overall 

compressor ratio (πc) was chosen to be 35, to coincide with current technology.  The 

maximum value for compressor exit temperature (TT3) was chosen by the same methods 

at 1600 °R (889 K). This value is slightly higher than current engines and accounts for 

advances in material temperature tolerances.    Values for maximum speed for the spools 

were set at 105% of reference RPMs.  The final control value needed to be examined a 

little more rigorously. 

The maximum compressor pressure (PT3) limit was calculated using hoop stress 

theory.  This method calculates the maximum internal pressure that a hoop of a specific 

material, of a chosen thickness and radius, can withstand without yielding or failing.  An 

equation that calculates the maximum allowable pressure inside of a hoop of a specific 

thickness follows: 
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Pmax

σY d

r
=

 (6) 

where 

 Pmax = Maximum Internal Pressure (psi) 

 σY = Yield Stress (psi) 

 d = thickness of hoop (in) 

 r = radius of hoop (in) 

 

Assuming that titanium or a titanium alloy is used in the construction of the 

engine cowling, yield stress varies from 20 – 145 kpsi (136-1000 MPa), depending on the 

specific alloy (23).  To ensure safety, the lower value of yield stress was used for 

calculating maximum Pt3.  A 2-ft diameter engine cowling (r = 1 ft), with ¼-in thick 

casing was used as the reference conditions, with the understanding that if the diameter 

increased, the thickness of the cowling would have to increase to compensate.  This, in 

turn, allows for a constant max PT3 value regardless of engine diameter.  These values 

inputted into eqn. (6) result in a max PT3 value of 410 psi (2.83 MPa).  For added safety, 

90% of this value was used, setting the max PT3 control at 370 psi (2.55 MPa).  This 

value is close to other existing engine values and was deemed appropriate for this study. 

 

3.6.3 Off-Design Analysis 

Imbedded in the mission analysis algorithm of AEDsys is a sub-algorithm that 

estimates an engine’s performance over its operating envelope.  This process differs 

significantly from the on-design calculations, where all of the design choices are free to 

be chosen in order to achieve ideal specific thrust (F/m0) and thrust specific fuel 
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consumption (S) values for a design condition.  The off-design subroutine uses an 

iterative method, since the design choices have been made previously in ONX and the 

performance of the inputted specific design point engine is needed at all possible 

operating conditions.  This indirect method solves a set of independent equations, in 

order to solve for an equal number of dependent variables.  Two important concepts are 

mentioned here to help explain this off-design analysis method (16).   

The first is called referencing, in which conservation of mass, momentum, energy, 

and entropy are applied to the one-dimensional steady flow of a perfect gas at either an 

on-design or off-design steady state operating point.  This leads to relations between 

temperature and pressure ratios that apply to both operating points and can be applied to 

utilize the reference values from the on-design analysis to calculate the off-design 

parameters.   

The second concept employs a mass flow parameter, where the one-dimensional 

area specific mass flow property is written in terms of total pressure, total temperature or 

Mach number.  This technique is useful in applying the conservation of mass equation 

and in calculating flow areas.   

Another important aspect of the off-design subroutine is that it not only calculates 

full thrust values at off-design conditions, but it allows throttling the thrust through fuel 

control to any thrust level within its operational limits.  These off-design analysis 

methods and related equations are described in detail in Mattingly’s text (16) and are not 

included in this document. 
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3.6.4 Flight Performance Analysis 

The most important aspect of AEDsys is that it calculates required thrust and 

corresponding thrust specific fuel consumption for each mission leg by taking into 

account the off-design performance of a chosen engine, the aerodynamic forces applied 

on the aircraft during the leg, and the changing weight of the aircraft due to fuel 

consumption.  The off-design method was discussed previously.  In this section, the 

changing weight issues and the aerodynamic forces are discussed.  

Weight change in an aircraft is usually due to fuel consumption and releasing 

stores or disposable items.  For studying the HALE-UAV mission, this weight change 

rate is equal to the fuel consumption rate: 

 

dW
dt

TSFC− T=
 (7) 

where 

 W = weight (lbf) 

 TSFC = installed thrust specific fuel consumption 

(lbm/(lbf sec))  

 T = installed thrust (lbf)  

 

The T and TSFC values are not the same as the uninstalled F and S values 

calculated by ONX and the off-design subroutine. The installed thrust value will be 

smaller and TSFC larger, due to losses added by the inlet and exit nozzle for an installed 

engine.  TSFC can be calculated by incorporating a loss model that can determine the 

uninstalled thrust needed to attain the required installed thrust.  This issue will be 

addressed when engine sizing is discussed in section 3.7. 
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Since T values are needed for both weight change calculations and the off-design 

subroutine, a discussion of flight dynamics is required.  The basic forces involved in 

flight were described in section 3.1.  Several important related terms need to be 

determined for use in later calculations.    

In order to calculate aircraft flight performance, two important terms must be 

calculated or chosen. The first term is called takeoff thrust loading (TSL/WTO) and is 

simply the ratio of takeoff thrust (sea level static) to takeoff weight.  The second is called 

wing loading (WTO/S) and is the ratio of takeoff weight to wing surface area.  In this 

study, TSL, WTO, and S have been set as the Global Hawk reference values.  Since the 

goal of this study is to replace the current propulsion system with the TIHE/Conventional 

system and not to make major modifications to the aircraft structure, these values were 

set constant to TSL = 8294 lbf (36.9 kN), WTO = 25600 lbf (113.9 kN) and S = 540 ft2 

(50.17 m2). (26; 9)  With these values set, thrust loading and wing loading were set at 

values of TSL/WTO = 0.324 and WTO/S = 47.4 lbf/ft2.  These values were used in various 

versions of the flight performance equation that AEDsys uses for its calculations.   

This flight performance equation is constructed by using the principle of 

conservation of energy around the aircraft.  It sets the rate of mechanical energy input 

equal to the rate of change of potential energy and kinetic energy.  The full flight 

performance equation (8) used in AEDsys assumes that thrust and aerodynamic drag act 

in the same direction as the velocity.   
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where 

 D + R = total air resistance (lbf) 

 V = velocity (ft/sec) 

 h = altitude (ft) 

 g0 = acceleration of gravity (ft/sec2) 

 t = time (sec) 

 

The left hand side of the equation represents the mechanical power delivered into 

the system.  The right hand side is also known as the weight specific excess power or Ps 

and is the time derivative of the sum of the aircraft’s kinetic and potential energies.  

AEDsys breaks each mission leg into two distinct categories based on its Ps value.  The 

first case is when there is increasing Ps and is characterized by known values of altitude 

and velocity changes and usually requires full thrust from the engine at the flight 

conditions specified.  Combining eqns (7) and (8) along with an integration, results in the 

Ps>0 weight fraction equation: 
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=  (9) 

where 

 Πi = weight fraction (Wfinal/Winitial) 

 ∆ = Change in value from initial point to final point 
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This value of Πi represents the percentage change in weight that occurs during a 

mission leg.  In order to calculate the total aircraft weight after a mission leg, all previous 

weight fractions, including the current mission leg’s value, are multiplied together with 

the takeoff weight of the aircraft. 

The second case is when Ps = 0, and represents mission legs where altitude and 

velocity are known as well as time duration or range distance.  These legs usually utilize 

less than full thrust from the engine and require the throttling method used in the off-

design subroutine.  In this case, thrust will equal the total drag on the aircraft.  The 

following flight performance equation is used by AEDsys for these mission legs 

 Π i e
TSFC−

D R+
W







∆t
=  (10) 

One last concept to understand with these weight fraction equations (eqns (9) & 

(10)) is that due to the integration involved, the values within the equations can change 

significantly over a mission leg, leading to erroneous results.  The most common method 

to combat this problem is to break up long mission legs into several smaller legs and use 

better average values for the smaller segments.  This results in a better value for fuel 

consumption than a single averaged equation, but takes less computing time than a full 

blown numerical integration.  This method was used in both of the 200 nmi switchover 

legs.  

3.7 Engine Sizing 

Inlet and exit nozzle sizing has direct impact in not only mass flow rates through 

an engine, but also on calculating installation drag losses.  Since the aircraft drag analysis 
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did not include any losses from the engine, engine sizing is where this loss is taken into 

account.  The off-design algorithm in conjunction with the mission analysis subroutine 

calculates the maximum required choked freestream area (A0*) and nozzle exit area (A9) 

for each mission leg in two ways: a constant loss model and a size based drag loss model. 

The first method assumes a constant loss of .0909 or roughly 9%, due to the 

engine.  This becomes the difference between installed thrust and uninstalled thrust, with 

installed thrust being about 91% of the uninstalled thrust.  This value, which is a rough 

first order estimate, was used in a first iteration in the engine sizing method. 

Once values of A0* and A9 are calculated by AEDsys using the 9% loss model, 

the largest values of these are used for sizing the inlet and exit nozzles.  For the inlet area 

(A1), it must be slightly larger than the area that would cause the flow to choke, therefore, 

since the aircraft only flies at subsonic speeds, the inlet choke area (A1*) is equal to A0*.  

An equation that calculates the critical area ratio that causes an isentropic flow to attain 

Mach 1.0, eqn (11) allows for the calculation of the inlet area 
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where 

 A’1 = choked inlet area, also A1
* and A0

* 

 M1 = Mach number at inlet 

 γ = ratio of specific heats 
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Once a value for the A1/A1
* ratio has been calculated, a safety margin of 4% is 

included to ensure the inlet area will not choke the flow.  This gives a calculation for the 

inlet area needed for an engine with a 9% loss from F to T. 

 
A1design 1.04

A1
A'1









A0'=
 (12) 

For exhaust nozzle sizing, it is required that the size must not be smaller than the 

largest value required throughout the flight.  A ten percent safety factor is multiplied to 

the largest A9 value to calculate the engine exit area (A10).  A simple method derived 

from current trends in exit nozzle geometry is used to calculate the length (l) of the 

nozzle based on A10. (16:203) 

 
l 1.8

4A10
π

=
 (13) 

 

Once these three engine-sizing values were calculated based on the 9% loss 

model, a second iteration of AEDsys was run to get more accurate losses.  This next 

iteration utilized the second method, used in the AEDsys program, for installed engine 

losses: the size based drag loss method.  The inlet loss model utilizes conservation of 

mass and perfect gas isentropic relations to calculate the drag losses caused by the inlet.  

Methods for determining exit nozzle losses are not as straight forward and a correlation 

method has been developed based on experimental testing.  This method utilizes the exit 

nozzle geometry values of A10, D and freestream Mach number.  Both of these methods 

are developed in chapter 6 of Aircraft Engine Design (16). 
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3.8 Conventional Engine Selection Method 

With nine different flight conditions set from the switchover Mach and altitude 

test values, along with the five different engine types, 45 engine optimizations were 

scheduled.  Each optimization was based mainly on the engine type and will be explained 

later.  One parameter, TT4, was modified to minimize fuel consumption in the 

conventional engines in early runs but due to low sensitivity shown as well as run time 

and input issues, its value was not modified in the ONX program. It was subsequently set 

at a constant 3200 °R for the optimization runs. 

An engine naming convention was created to easily identify the engine created by 

ONX for use in the AEDsys program.  Each engine was given a series of letter 

designators to differentiate type: tjs for single spool turbojet, tj for dual spool turbojet, tfs 

for split stream turbofan, tfm for mixed stream turbofan, and tp for turboprop, as well as 

numerical designators for switchover Mach number and altitude. For example, tfm5304 

would represent the fourth turbofan mixed stream engine created for the Mach 0.5, 

30,000 ft switchover conventional mission.  

The chosen optimization method utilized an engine selection process that 

involved ONX, AEDsys, and off line Excel spreadsheets that aided in the calculating 

engine size and tabulated results.  The method was similar for all engines tested and in all 

switchover missions.  An initial design point was inputted into ONX and an ONX 

reference file was produced.  This file was brought up into the specific switchover 

mission in AEDsys.  The engine control values calculated earlier in section 3.6.2 were 

entered and a 9% loss model was selected.  The Mission Analysis routine was run to 

calculate engine performance at each leg of the mission.  With the completion of each 
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leg, the mission summary presented values of max A0
*, A9, and total fuel consumption.  

The largest values were recorded and inlet and exit geometry was calculated, outside 

AEDsys, using the methods described previously.  The new values for A1, A10, and l were 

inputted into the loss model calculator to be run concurrently with the mission and off-

design algorithms.  This second run produced a value for fuel consumed for the entire 

conventional mission.  This value was recorded and work began on the next on-design 

engine to be tested. 

One test parameter was increased by a small percentage while leaving the rest of 

the test parameters constant.  This new engine was saved as an ONX reference file with a 

designator of the next sequential number.  The above method of running AEDsys first, 

with the constant loss model to find sizing, and then with the size dependant loss model 

for better accuracy, was used.  This resulted in a fuel-consumed value for the new engine.  

This fuel consumption value was compared to the previous value and if the change to the 

test parameter caused a decrease in total fuel consumed by more than 10 lbf, the 

parameter was changed by an additional increment in the same direction either positive or 

negative.  

If the change to the test parameter increased fuel consumption, the test parameter 

was decreased by a similar percentage and saved as a new ONX reference engine file.  

Again this engine was run for the mission to calculate total fuel consumption.  If this 

engine showed lower fuel consumption by 10 lbs or more, the next iteration would 

decrease the test parameter another increment.  This process was continued until no 

significant decrease in fuel consumption could be gained. 
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During this process, AEDsys also checks to see if the engine can operate at the 

flight conditions and engine control limits prescribed.  If the engine fails to operate at any 

leg during the mission or it is unable to provide significant thrust, it is treated as if it 

increased fuel consumption.  In some cases, the windows for different test parameters 

that a specific engine could operate in were very small. 

This engine selection process was used for each engine type.  The first engine 

tested was the single spool turbojet.  The variables that were examined to optimize this 

engine were on-design free stream Mach number (M0), altitude (h), and compressor 

pressure ratio (πC).  The dual spool turbojet’s test variables were M0, h, πC, and low-

pressure compressor pressure ratio (LPC π).  The split stream and mixed stream 

turbofan’s test variables were M0, h, πC, bypass ratio (α), and fan compressor pressure 

ratio (πC’).  The turboprop test variables were M0, h, πC, and turbine temperature ratio 

(τT).  

These optimization runs normally produced between 10 and 20 engines, 

culminating in an optimized engine for its type and switchover flight conditions.  The 

first optimization runs tended to take longer to converge to an engine selection, however 

once an engine was selected for the first flight condition, it was used as a baseline for the 

next flight condition.  For example, the single spool TJ selected for the Mach 0.4, 20,000 

ft switchover was chosen as the baseline engine for the Mach 0.4, 30,000 ft case.  The 

two turbofan engine optimization runs also tended to be longer due to the increased 

number of test parameters. 

At the end of this conventional engine optimization process, 45 engines were 

selected as the optimized engines of their type and flight conditions.  It was hoped that 
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from these engines a most efficient altitude, Mach number, and engine type could be 

selected for the conventional portion of the mission.  Other considerations, such as engine 

size, would be secondary selection criteria to be looked at after the results of the TIHE 

portion of the mission were analyzed. 

 

3.9 TIHE engine selection process 

Engine selection criteria for the TIHE powered engine were different than those 

used for the conventional mission, since fuel consumption of the isomer would be 

negligible.  A method to determine selection criteria had to be developed.  Since the 

flight of the TIHE engine would take place at medium and high altitudes, it was 

conceivable that some engine types would be significantly less efficient than others.  So 

the ability of an engine to operate and provide sufficient thrust at all TIHE mission flight 

conditions was of primary importance. 

Power requirements were determined to be the secondary factor in TIHE engine 

selection.  Since radiation-shielding weights are directly affected by power output from 

the heat source, the engine that required the smallest heat power would be considered the 

optimum choice. 

Due to AEDsys’ ability to calculate important flight and engine parameters 

quickly through a mission, it was decided to also use this software package for the TIHE 

engine selection process.  A means for calculating heat power required was developed 

from the outputs provided by AEDsys as follows.  Since the conventional fuel provides 

all of the heat into the conventional system, it is possible to calculate the heat power 
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required to run the TIHE system as though it were a conventional engine at the specific 

TIHE flight conditions. 

AEDsys provides T and TSFC values at each mission leg, multiplying these 

values together results in a fuel consumption rate. 

 
m fdot T TSFC⋅

 (14) 

where mfdot is the fuel consumption rate (lbm/sec.)  Fuel consumption rate, along 

with the burner efficiency value, which represents the ratio of heat energy rise actually 

supplied to the system to the maximum heat power possible, and the heating value of the 

fuel, can be used to calculate the heat power required by the TIHE. 

 Qburner ηb hpr mfdot=  (15) 

where 

 Qburner = heat power required by TIHE (BTU/sec) 

 ηb = burner efficiency 

 hpr = heating value of fuel (BTU/lbm) 

 

Equations (14) and (15), along with outputs from AEDsys, allow the calculation 

of required power at all points along the TIHE powered portion of the mission.  Thus 

creating valid and important criteria for the selection process. 

Since low fuel consumption rates were essential for both the conventional engine 

selection and TIHE engine selection, it was deemed that utilizing the same engines that 

were selected for the conventional missions, for the TIHE engine selection process would 
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be prudent.  At this point, it becomes important to note, this choice does not represent a 

decision to use a single engine for both missions.  

Engines, selected for the conventional mission for a particular switchover Mach 

and altitude, used for the TIHE legs, had to begin at that switchover flight condition.  

This limits the study, in that engines, run from 20 k ft to 65 k ft, cannot be directly 

compared to the TIHE engines that run from 40 k ft to 65 k ft, for all mission legs.  Since 

the loiter/cruise conditions at the peak of the TIHE climb (Mach 0.6, 60,000 ft) were the 

same for all engines, the required power at this point is directly comparable between 

different engines (see Table 2).  Therefore, this cruise required power was another 

important figure of merit. 

Table 2: Mach number for TIHE climb schedule for each switchover flight condition 

Altitude 
Mach 0.4 
20 k ft 

Mach 0.4 
30 k ft 

Mach 0.4 
40 k ft 

Mach 0.5 
20 k ft 

Mach 0.5 
20 k ft 

Mach 0.5 
20 k ft 

20 0.400     0.500     
25 0.425     0.513     
30 0.450 0.400   0.525 0.500   
35 0.475 0.433   0.538 0.517   
40 0.500 0.467 0.400 0.550 0.533 0.500 
45 0.525 0.500 0.450 0.563 0.550 0.525 
50 0.550 0.533 0.500 0.575 0.567 0.550 
55 0.575 0.567 0.550 0.588 0.583 0.575 
60 0.600 0.600 0.600 0.600 0.600 0.600 
 

In order to run the TIHE engine in AEDsys, the program had to be manipulated 

into not burning any fuel while still calculating fuel consumption rates.  Setting distance 

and time lengths for each point in the climb to zero accomplished this.  Also, since the 

goal of the TIHE engine optimization was to compare engines as closely as possible, a 

flying weight of the aircraft had to be set.  A value of 20,000 lbf (88.9 kN) was used as 
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the weight of the aircraft after the conventional portion of the flight burned fuel.  This 

value was used due to the assumption that the takeoff weight of the aircraft would remain 

25,600 lbf and that approximately 5000 lb (22.2 kN) of fuel would be consumed, or that 

if less fuel was consumed by more efficient engines, the takeoff weight would be reduced 

accordingly. 

3.10 Triggered Isomer Decay 

 The USAF Air Force Office of Scientific Research (AFOSR) has been sponsoring 

an international group of physicists to research an exciting new process for extracting 

energy from isomers of Lutetium (Lu), Hafnium (Hf), and Tantalum (Ta).  These 4 and 5- 

quasiparticle isomers of Lu, Hf, and Ta are being examined because they are hindered 

from spontaneous radiative decay due to their specific structural composition.  This 

causes the 2 to 3 MeV excited states of these isomers to have relatively long lifetimes.  

The process of extracting energy consists of bombarding the isomer with X-rays to excite 

the material to a higher energy state that would release the nucleus from its structural 

prohibitions.  A rapid decay of the excited isomer could release the total energy of the 

isomer plus that of the absorbed trigger photon. (4:695; 5:2-13) 

 In particular, the researchers have focused on the 31-year half-life, 4-quasiparticle 

isomer 178Hf with a 2.446 MeV excitation energy.  Using 10 to 90 keV X-ray pulses from 

a dental-quality device, they were able to cause the absorption of X-ray photons on the 

order of 40 keV of energy to induce the prompt release of the 2.446 MeV stored in the 

hafnium isomer.  The results of this research lead to a source of power that returns 60 

times the energy inputted into the isomer from the X-ray.  In particular, the 178Hf isomer 
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stores approximately 1.3 GJ/g of energy and with this X-ray triggered accelerated decay 

and volumetric energy release rates of up to 50 GW/m3 are possible (5). 

 This reaction differs from fission reactions in that while there is significant 

gamma ray radiation (<600 keV), there is no significant neutron release.  (4: 697; 5: 2-

14.)  This process becomes attractive because the energy release is on the order of 1% of 

that released from fission reactions, while producing no neutrons or fission products.  

This becomes important when considering shielding and disposal concerns, because 

shielding weight drops and maintenance and removal of used fuel becomes much safer. 

 

3.11 Radiation Shielding  

 There are three means to minimize radiation dosage on people and on materials: 

exposure time, distance, and shielding.  For application in a HALE UAV, exposure time 

will be high and distance will be minimized to keep the airframe small.  This leaves 

shielding as the critical element to protection of electronic equipment and sensors. 

 Since the highest level of radiation will be in the form of 600keV gamma rays, 

this leads to a straight forward method to determine shielding weights.  The method 

utilized for this study is derived from a procedure developed in Turner’s textbook Atoms, 

Radiation, and Radiation Protection (24: 452-456).  

 Treating the Hafnium reactor as a point source of gamma rays, an unshielded 

exposure rate can be calculated.  Prior to ONX and AEDsys runs, an initial estimate of 

heat power output required by the TIHE of 5 MW was used.  Efficiency requirements of 

the heat exchanger will require that most of the radiation will be contained, leaving 
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approximately 5% of the heat power output as escaping radiation. (6: 2-13; 5: 2)  The 

intensity of radiation at a specified distance from a gamma source, neglecting attenuation 

in air, can be calculated by (24: 368): 

 
Ψ

CE

4 π r2
=

  (16) 

where  

 Ψ = Intensity or energy fluence rate (W/m2) 

 CE = Radiation output at source (W) 

 r = Distance from source (m) 

 

 

 Gamma photons traveling through matter are governed statistically by an 

interaction probability per unit distance traveled.  This interaction probability is referred 

to as the linear attenuation coefficient µ and has units of inverse length (cm-1).  This value 

depends on the medium that the photon travels in and the energy level of the photon.  A 

more widely used parameter is called the mass attenuation coefficient µ/ρ in units of 

cm2/g and represents the probability of an interaction per g/cm2.   

 Of these interactions, matter has a statistical chance to absorb the photon and 

therefore absorb the energy.  This probability of energy absorption called the mass 

energy-absorption coefficient µen/ρ is also in units of cm2/g.  The mass energy-absorption 

coefficient of photons with energies between 60 keV and 2 MeV traveling through air is 

approximately constant at .027 cm2/g (.0027 m2/kg) (24: 194).  These concepts lead to an 

equation to calculate dosage of gamma radiation through air: 
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=
 (17) 

where 

 Drad = Radiation Dose (W/kg) 

 Ψ = Intensity or energy fluence rate (W/m2) 

 µen/ρ = mass energy absorption coefficient (m2/kg)   

 

With our initial estimate of 5 MW as the total heat power generated, there will be 

250 kW of radiation output from the source.  Using eqn. (16) with a distance of 3 m, an 

intensity of 2210 W/m2 is calculated.  Using the 0.0027 m2/kg value for the mass energy 

absorption coefficient, eqn. (17) results in a radiation dose of 5.968 W/kg or 596.8 

rad/sec. 

The next step in determining shielding requirements is to determine radiation dose 

tolerance levels for equipment.  Tolerances for electronics vary widely.  By assuming that 

equipment on board the HALE UAV can be hardened to space application levels gives a 

target dose tolerance of .01 to 2 rad/sec levels. (25) 

Another factor to consider in shielding requirements is that the scattering of 

photons from matter interactions can cause a higher intensity of radiation than that just 

from direct rays (see Fig. 5).  This increased intensity can be accounted for by including a 

buildup factor into the equations for determining required shield thickness.  Buildup 

factors (B) can be obtained from calculations or measurements for given shield material, 

thickness, source geometry, and photon energy. 
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Fig. 5: Gamma Ray Scattering 

 

Normally, the thickness of shielding is the parameter being searched for so an 

iterative method can be used to determine both the buildup factor and shield thickness.  

An equation that calculates the shield thickness required for an isotropic point source is: 

 I I 0 B⋅ e µx−⋅  (18) 

where 

 I = Intensity at target with shield (rad/sec) 

 I0 = Intensity at target unshielded (rad/sec) 

 B = Dose buildup factor 

 µx = relaxation length 

 

Starting with the assumptions that the maximum energy state for gamma rays 

escaping the core are at the 500 keV range and that Lead is used as the shielding material, 

the iterative process begins with assuming a dose buildup factor of 1 and solving for the 
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relaxation length µx.  Once a solution for the relaxation length has been made from the 

buildup factor equal to 1, a new value for B can be determined from a chart of dose 

buildup factors vs. relaxation length (see Fig. 6).   
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Fig. 6: Dose Build up Factor for Point Isotropic Source of 500 keV photons in Lead 

(Source: Table 15.1, 24: 452) 

 

The values of B and µx will converge after a few iterations.  In the analysis so far, 

values were determined for I of .01 rad/sec and for I0, which is equal to the radiation 

dose, of 596.8 rad/sec.  The iterative method results in a Dose Build up factor of 2.445 

and a relaxation length of 11.891.  The following equation can be used to back out a 

value for the shielding thickness required: 

 

xlead
µxlead
µ
ρ







ρlead

=

 (19) 

 48



 

where 

 xlead = Shield thickness (cm) 

 µxlead = Relaxation length 

 µ/ρ  = Mass Attenuation Coefficient (cm2/g) 

 

Using a value for the mass attenuation coefficient of lead for photon energy 

values of 500 keV (7:187) is .15 cm2/g and that along with the density of Lead of 11.4 

g/cm3 results in a shield thickness of 6.95 cm. 

The next step in shielding requirements is determining the total weight of 

shielding.  A useful value for shielding is called shield loading and is simply the shield 

thickness multiplied by the density of the shielding material.  With the shield thickness 

calculated above of approximately 7 cm, the shield loading would be 793 kg/m2.  Shield 

loading multiplied by the surface area of the proposed shield will result in the total shield 

weight.  A sphere is normally the ideal shape of shielding due to minimum surface area.  

A quick look at the area of a sphere: 

 A 4 π r2=  (20) 

where 

 

 A = Shield area (m2) 

 r = Radius of Sphere (m) 

 

This equation along with shield loading can be used to show how quickly shield 

weight will increase with small increases in shield distance from source.  Figure 7 shows 

that for a vehicle in the 25,000 lbf (111.2 kN) total weight class, any shield distance of 
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more than about a meter causes the shield weight to become close to the total weight of 

the aircraft.  This requires placing the shield as close to the source as possible.  Luckily, a 

gamma ray shield can be placed anywhere between the source and the equipment to be 

protected (24: 455) so we are only limited by structural constraints.   
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Figure 7: Shield weight sensitivity to shield distance  

 

The concept of divided shielding used during the research of the ANP/NEPA 

programs could be utilized to reduce total shielding requirements.   To utilize this 

technique a detailed study of placement of equipment in the airframe would be required. 

For the scope of this research, the technique used to reduce shielding weight will be to 

use a semi-spherical shield.  Due to the proposed location of the isomer reactor within the 

engine cowling, this semi sphere will give protection to the majority of the aircraft while 

allowing radiation escape to the aft and top of the aircraft. Assuming that we can place 

the semi sphere shield at a distance of 0.5 m from the source this leads to a shield weight 
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of 2743 lbf (12.2 kN).  This represents only 11% of our reference take off weight for our 

HALE UAV or 19% of the fuel weight of the conventional Global Hawk aircraft.  

3.12 TIHE Weight and Fuel Calculations 

While shielding weight is most likely going to be the critical factor in the 

feasibility of using a TIHE source for a jet engine, other weights will need to be 

considered for completeness.  The two topics covered in this section will be the weight of 

the Heat Exchanger itself and the required isomer fuel to power the Heat exchanger. 

Calculating heat exchanger weight is a complex and time-consuming project.  

Fluid flow factors such as heat transfer, viscosity, and turbulence must be included in any 

attempt at designing heat exchangers and therefore requires rigorous computational 

models or extensive experimental work.  Preliminary research on TIHE was discussed in 

Chapter 2 and will provide the background for the weight values used in this study. 

Due to the variety of materials and geometries that could be used for the TIHE, 

weights vary from 800 lbf to 1200 lbf (365 kg - 560 kg) (6: 4-16).  The assumption used 

for these values were that they could power a jet engine to provide 8-10,000 lbf of thrust 

and fit within the combustor section of the engine without intensive modification.  While 

the thrust provided is approximately 10 times higher than that expected to be necessary 

for the proposed mission legs, it seems prudent to utilize these values in the current study.  

Methods could be developed to create thrust-to-weight correlations for TIHEs, however 

with only one study to consult, the decision was made to use the values from the 

Hartsfield’s research (6). 
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For the actual hafnium material to be utilized as the isomer energy source, weight 

calculations could be made in a straightforward manner.  With values of required power, 

duration of use, efficiency, and energy stored: an equation of fuel mass required can be 

derived 

 
mhafnium

Qrequired∆t

estored εheat
=

   (21) 

where 

 mhafnium = mass of hafnium required (kg) 

 Qrequired = heat required power (W) 

 estored = mass specific energy stored (W/kg) 

 εheat = heat conversion efficiency 

 

A sample calculation using the values determined in previous sections, of Qrequired 

of 5 MW and estored of 1.3 GJ/g, along with a value of εheat of 10%, estimated from 

efficiency values of fission reactors tested in the NEPA/ANP programs and Soviet 

nuclear programs (26: 147; 1: 26), result in a mass of about 24 kg.  This value represents 

a minimum value of isomer fuel needed to provide the required heat power into the 

system.  If the hafnium fuel is made part of the heat exchanger structure as proposed (6), 

this weight will be incorporated by the heat exchanger weight. 
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4. Results 

4.1 Assumptions 

In order to proceed with the daunting task of optimizing and comparing such a 

large number of different engine types, several assumptions were made.   

1. A controlled triggered decay of hafnium isomers can be developed to the point 

that a compact heat source can be produced. 

2. Triggered isomer heat exchangers can produce equal heating rates to chemical 

combustors and be of similar size. 

3. Flight of the TI source will be allowed, with constraints that will restrict the 

operation of the source below 20,000 ft altitude. 

4. Structural changes necessary for the addition of the shield, triggering 

mechanism, a possible second engine, and other modifications will not radically alter the 

drag polar of the aircraft. 

 

4.2 Conventional Engine Results 

The optimization of the nine switchover choices ended with some clear trends in 

efficiency in all three categories: switchover Mach, switchover altitude, and engine type. 

Complete results are listed on the following pages in Table 3 and Fig. 8.

 53



 

Table 3: Fuel consumption values for switchover optimized engines 

Engine Type 
Engine 
Designation 

Fuel 
Consumed 
(lbf) 

Mach .4     
20000ft changeover 
turbojet 1spool tjs4206 4475 
turbojet 2spool tj4209 4380 
Turbofan Split Stream tfs4214 3072 
Turbofan Mixed Stream tfm4213 3608 
Turboprop tp4214 1645 
30000 ft changeover 
turbojet 1spool tjs4206 3997 
turbojet 2spool tj4300 3937 
Turbofan Split Stream tfs4307 2725 
Turbofan Mixed Stream tfm4213 3225 
Turboprop tp4306 1430 
40000ft changeover 
turbojet 1spool tjs4402 3967 
turbojet 2spool tj4303 3931 
Turbofan Split Stream tfs4405 2671 
Turbofan Mixed Stream tfm4407 3146 
Turboprop tp4404 1588 

Mach .5     
20000ft changeover 
turbojet 1spool tjs5206 5060 
turbojet 2spool tj5209 5104 
Turbofan Split Stream tfs5200 3787 
Turbofan Mixed Stream tfm5210 3900 
Turboprop tp5209 3097 
30000 ft changeover 
turbojet 1spool tjs5303 4320 
turbojet 2spool tj5308 4252 
Turbofan Split Stream TFS5311 3106 
Turbofan Mixed Stream tfm5310 2957 
Turboprop tp5316 2607 
40000ft changeover 
turbojet 1spool tjs5408 3864 
turbojet 2spool tj5403 3883 
Turbofan Split Stream tfs5422 2542 
Turbofan Mixed Stream tfm5407 2603 
Turboprop tp5413 2067 
 

Engine Type 
Engine 
Designation 

Fuel 
Consumed 
(lbf) 

Mach .6     
20000ft changeover 
turbojet 1spool tjs6206 6585 
turbojet 2spool tj6210 6525 
Turbofan Split Stream tfs6200 4936 
Turbofan Mixed Stream tfm6214 4785 
Turboprop tp6202 6406 
30000 ft changeover 
turbojet 1spool tjs6300 5138 
turbojet 2spool tj6305 5085 
Turbofan Split Stream tfs6307 3832 
Turbofan Mixed Stream tfm6309 3803 
Turboprop tp6308 4943 
40000ft changeover 
turbojet 1spool tjs6405 4278 
turbojet 2spool tj6403 4230 
Turbofan Split Stream tfs6408 3144 
Turbofan Mixed Stream tfm6406 3252 
Turboprop tp6410 3914 
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Fig. 8: Optimized Conventional engine Fuel Consumption Comparison
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  The first trend to consider was the effect of switchover Mach on fuel 

consumption.  By comparing the engines in a Mach sweep across a specific switchover 

altitude, trends due to Mach number can be investigated. 

At all switchover altitudes, the Mach 0.6 switchover case consumed the most fuel 

for all engine types and at all altitudes.  Below is a sample figure of results (Fig. 9), 

comparing the total fuel consumed for the optimized engines at the 30 k ft switchover 

condition.   

0

1000

2000

3000

4000

5000

6000

7000

turbojet
1spool

turbojet
2spool

Turbofan
Split

Stream

Turbofan
Mixed

Stream

Turboprop

Fu
el

 C
on

su
m

ed
 (l

bf
)

Mach .4
Mach .5
Mach .6

 
Fig. 9: Optimized Conventional engine fuel consumption comparison at 30,000 ft 

switchover altitude. 

 

For the 20 and 30 k ft switchover cases, the most efficient switchover Mach 

number is 0.4, except for the mixed stream turbofan at 30 k ft.  For the 40 k ft case, the 

optimum fuel efficiency is shown at Mach 0.5, with the exception of the turboprop that 

has the minimum fuel consumption at Mach 0.4.  This effect of higher switchover Mach 
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number causing increased fuel consumption was expected due to higher drag associated 

with higher Mach numbers at similar altitudes. 

Altitude sensitivity could be determined by examining altitude sweeps at a set 

Mach number.  Altitude effects were more consistent than the Mach effects, with the 

trend pointing to the higher the switchover altitude, the less fuel consumed.  This could 

be seen at each Mach number.  Shown is an example result for comparing engines at 

Mach 0.5 (Fig. 10).  The only exception to this rule was the Mach 0.4 turboprop engine 

where the 30 k ft was more efficient than the 40 k ft.  Similar to the switchover Mach 

number effect, this altitude dependency was directly impacted by increased drag at lower 

altitudes. 
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Fig. 10: Optimized Conventional engine fuel consumption comparison at Mach 0.5 

switchover Mach 

 

 57



 

The final, but perhaps most important trend, is in the engine types themselves.  In 

both Fig. 9 and Fig. 10 it can be seen that turbofans are more efficient than turbojets in 

any comparison.  Turboprops are even better choices than turbofans except for 

switchover Mach numbers of 0.6.  For the most part, differences between the single and 

dual spool turbojets are insignificant compared to the turbojet’s difference from the other 

engine types.  The same observation is made between the split stream and mixed stream 

turbofans.  This engine type sensitivity falls in line with propulsive efficiency 

comparisons between engines (20: 29). 

In review, the trends from the conventional engine optimization study show that a 

high switchover altitude and low switchover Mach number will result in the lowest fuel 

consumption regardless of engine type.  The amount of fuel consumed during the 

conventional climb in every case was much smaller than the two 200-nmi switchover 

legs, thereby making the switchover condition the determining factor in fuel 

consumption.  The turboprop consistently showed better fuel economy for all cases 

except the Mach 0.6 case.  Since propellers lose propulsive efficiency at high mach 

numbers compared with turbofans, this is to be expected (27: 401).  On the basis of fuel 

consumption alone the best engine across all switchover flight conditions is the 

turboprop, designated tp4306, flying the Mach 0.4, 30,000 ft switchover mission.  

AEDsys calculates engine tp4306 to consume 1,430 lbf (6.36 kN) of fuel during its entire 

notional conventional mission.  By comparison, the worst selection using this method 

turned out to be the single spool turbojet, tjs6206, flying the Mach 0.6, 20,000 ft 

switchover mission; burning a total of 6585 lbs (29.3 kN) of fuel. 
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Note that even in the worst fuel consumption case, there is still approximately 

8000 lbf (35.6 kN) saved in fuel.  This means that if the TIHE components can be 

installed for less than 8000lbf, the modified HALE UAV would still have a takeoff 

weight of 25,600 lbf, while adding the increased endurance from the TIHE engine with 

no overall weight increase.   

This leads to the conclusion that the conventional engine selection may not be as 

important to the feasibility of this aircraft as the TIHE engine selection will be.  This 

allows for more flexibility of engine selection, if a hybrid engine is chosen. 

 

4.3 TIHE Engine Selection Results 

The first and most important result from running the optimized conventional 

engines through the TIHE missions in AEDsys, is that not all of the engines could 

provide adequate thrust at the higher altitudes.  While the thrust requirements at the 

higher altitudes were significantly less than those at the lower altitudes, the optimization 

process used for the lower altitude flight caused poor performance at higher altitudes in 

some cases.  The method used to get around this problem was to go back to the individual 

conventional optimization runs and attempt to run other engines, in the order of 

increasing fuel consumption, until an engine would work for the TIHE portion of the 

mission. 

In all of the turbojet and turbofan cases, a suitable engine could be found from 

this method.  None of the turboprops, however, could provide enough thrust at the cruise 

condition.  In fact, many of the turboprops could not provide significant thrust above 40 k 
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ft.  While it may be possible to design a turboprop engine to operate over the entire range 

of the mission, powered by both combustion and TIHE, it was deemed that for this study, 

the turboprop would be eliminated from consideration for the TIHE portion of the 

mission. 

This left four engine types operating over the TIHE mission legs at all of the 

switchover conditions.  The required power values were calculated at several of the climb 

flight conditions and the maximum, minimum, and cruise required power values were 

tabulated.  These values are listed in Table 4 and shown in Fig. 11, with additional 

information listed in Appendix B. 
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Table 4: Max, Min, and Cruise Required Power for TIHE engine Selection 

Engine # Engine Type 
Max Power 
(MW) 

Min 
Power 
(MW) 

Cruise 
Power 
(MW) 

Mach 0.4     
tjs4206 Single Spool Turbojet 8.244 3.756 3.756 
tj4209 Dual Spool Turbojet 8.077 3.867 3.873 
tfs4213 Split Stream Turbofan 5.916 2.987 3.051 
tfm4213 Mixed Stream Turbofan 6.244 2.748 2.748 
tjs4206 Single Spool Turbojet 5.228 3.776 3.795 
tj4300 Dual Spool Turbojet 5.187 3.866 3.916 
tfs4307 Split Stream Turbofan 3.579 2.798 2.896 
tfm4213 Mixed Stream Turbofan 4.035 2.761 2.761 
tjs4402 Single Spool Turbojet 3.916 3.672 3.807 
tj4303 Dual Spool Turbojet 4.033 3.712 3.935 
tfs4403 Split Stream Turbofan 2.976 2.565 2.924 
tfm4403 Mixed Stream Turbofan 2.888 2.75 2.775 
tfm5407 Mixed Stream Turbofan 2.65 2.493 2.567 
Mach 0.5     
tjs5203 Single Spool Turbojet 13.38 3.856 3.856 
tj5208 Dual Spool Turbojet 13.62 3.888 3.888 
tfs5200 Split Stream Turbofan 9.811 3.057 3.057 
tfm5200 Mixed Stream Turbofan 9.25 2.588 2.588 
tjs5303 Single Spool Turbojet 8.358 3.757 3.757 
tj5308 Dual Spool Turbojet 8.303 3.898 3.898 
tfs5303 Split Stream Turbofan 6.18 3.093 3.093 
tfm5309 Mixed Stream Turbofan 5.871 2.843 2.843 
tjs5408 Single Spool Turbojet 5.096 3.745 3.745 
tj5403 Dual Spool Turbojet 5.16 3.922 3.922 
tfs5403 Split Stream Turbofan 3.818 3.006 3.023 
tfm5407 Mixed Stream Turbofan 3.42 2.567 2.567 
Mach 0.6     
tjs6206 Single Spool Turbojet 23.29 3.604 3.604 
tj6210 Dual Spool Turbojet 23.3 3.774 3.774 
tfs6203 Split Stream Turbofan 17.82 3.039 3.039 
tfm6211 Mixed Stream Turbofan 15.31 2.631 2.631 
tjs6300 Single Spool Turbojet 14.17 3.668 3.668 
tj6305 Dual Spool Turbojet 14.23 3.814 3.814 
tfs6310 Split Stream Turbofan 10.84 3.062 3.062 
tfm6305 Mixed Stream Turbofan 9.418 2.657 2.657 
tjs6405 Single Spool Turbojet 8.423 3.743 3.743 
tj6403 Dual Spool Turbojet 8.453 3.862 3.862 
tfs6408 Split Stream Turbofan 6.316 2.988 2.988 
tfm6401 Mixed Stream Turbofan 5.687 2.675 2.675 
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The trends in each of these values were evaluated to aid in choosing the best 

selection for TIHE engine.  The most important value with respect to weight was 

maximum required power. 

As the conventional engines showed, several trends became evident in reducing 

the maximum required power by the TIHE.  By examining a set switchover altitude along 

with a switchover Mach sweep, maximum required power throughout the climb is lowest 

at the lower Mach number.  This can be seen clearly in a look at the 30 k ft switchover 

comparison of maximum required power (Fig. 12).  This trend of the Mach 0.4 

switchover condition, needing the lowest maximum power, is repeated across the other 

two switchover altitudes.  This result is due to lower drag at lower Mach numbers for the 

same altitude. 
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Fig. 12: TIHE engine max required power comparison at the 30 k ft  switchover 

altitude 
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 Locking the switchover Mach and comparing switchover altitudes demonstrates 

the importance of switchover altitude in reducing maximum power.  The 40 k switchover 

altitude allowed for the smallest maximum required power out of all of the altitude 

comparisons.  Fig. 13 shows the comparison of Max required power for engines at 

different switchover altitudes at Mach 0.5 switchover condition. The higher altitude for 

switchover results in lower maximum required power, due to lower drag. 
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Fig. 13: TIHE Engine Max Required power Comparison at Switchover Mach of 0.5 

 

By comparing all of the maximum required power values for all engine types, 

both of the turbofans had consistently lower numbers than the turbojet types.  This points 

to the turbofan as a better choice as the TIHE powered engine.  The engine and 

switchover combination that produced the lowest max required power was the tfm4403 at 

switchover conditions of Mach 0.4 and 40,000 ft altitude.  This engine required only 2.89 
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MW of power at its highest power consumption level.  The split stream turbofan (tfs 

4403) with the same switchover conditions was a close second with a maximum power 

requirement of 2.98 MW. 

While this comparison showed that maximum required power was highly 

sensitive to switchover conditions, another value was needed to compare all of the 

engines at the same operating conditions.  Since all of the engines were run at Mach 0.6 

and 60,000 ft, and a best cruise altitude condition for Mach 0.6, these values could be 

used to compare engines regardless of the switchover conditions.  This would find the 

best engine for the main cruise and loiter phases that make up the majority of the entire 

mission. 

These cruise power requirements are co-located with the maximum required 

power numbers from the TIHE AEDsys runs in Table 4.  Only about 2 MW differentiated 

the best engine from the worst, however again the turbofans performed better than the 

turbojets with regard to the cruise power.  The best cruise performance of any engine was 

the mixed stream turbofan chosen for the Mach 0.5, 40,000 ft switchover, the tfm5407, 

with a cruise power value of 2.57 MW. 

Since cruise performance for this engine was better than the engines chosen due 

to lowest maximum power, it was decided to run engine tfm5407 at the Mach 0.4, 40,000 

ft switchover TIHE mission.  This would enable direct comparisons of the two best 

engines chosen for the different criteria to be compared in all of the same criteria. 

When the tfm5407 engine was run, the maximum required power was 2.65 MW.  

This value was smaller than the tfm4403 by 0.24 MW.  This leads to the selection of the 

tfm5407 engine as the most efficient choice for the TIHE engine configuration, while 
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choosing the Mach 0.4, 40,000 ft switchover as the most efficient to keep maximum 

power requirements, for any engine, low. 

 

4.4 Shielding Sensitivities 

While shielding issues were addressed in Chapter 3, there were several issues to 

be examined further and were included in the research to ensure completeness. 

Assumptions about equipment tolerance, distance from source to sensitive equipment and 

the amount of radiation as a percent of total power produced were tested for sensitivity of 

shielding weight amounts.  The same equations (eqns. 16-20) developed in Chapter 3 

were utilized for this portion of the study and the assumed values were used as the 

baseline case.  The semi-spherical shield was utilized for these results. 

Studied first was the sensitivity of equipment tolerance to radiation on shielding 

weight.  Values on equipment tolerances ranged from 10-6 to 1 rad/sec and the results can 

be seen in Fig. 14.  While equipment tolerances do affect shield weight significantly, it 

shows a directly logarithmic relationship and even for human tolerance levels of 10-6 

rad/sec, the shield weight does not become prohibitive. 
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Fig. 14: Shield Weight Sensitivities to Equipment Radiation Tolerances 

 

The sensitivity of equipment distance from the source on shielding weights was 

studied next.  Distances ranged from 0.5 m, to represent equipment as close as engine 

control units, located within the engine cowling, to 5.0m, representing the most sensitive 

ISR equipment located in the far forward compartment of the HALE UAV.  The results 

are shown in Fig. 15.  With all other parameters staying the same, there is only a 1,200 

lbf (5.34 kN) difference in shielding requirements if the most sensitive equipment is in 

the engine cowling compared with the front sensor section.  This allows us to continue to 

utilize our 3 m assumption for our working model. 
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Fig. 15: Shield Weight Sensitivities to Equipment-Source Separation 

 

The final sensitivity study accomplished for the shielding results was to test the 

assumption of needing to shield only 5% of the total power produced by the TI source as 

radiation.  How would the shield weight be changed if a higher percentage of radiation 

leaked and needed to be shielded?  A range of 5% to 90% was tested and the results are 

shown in Fig. 16.  There turned out to be only a difference in shield weight of around 700 

lbf (3.11 kN).  This is due to the logarithmic nature of equation 18.  This means that even 

if the TI source is very leaky, the shielding weights will not have to be significantly 

increased. 
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Fig. 16: Shield Weight Sensitivities to Radiation Percentages 

 

Results from this sensitivity study show that even if some of the assumed values 

are incorrect, the shielding weight will still be on the order of the values calculated by 

this study. 

 

4.5 Selection of Hybrid Engine 

With the results from both the conventional engine and the TIHE engine 

optimization runs, several decisions regarding a selection of engine or engines were 

made.  While the possibility of two separate engines, one based on combustion and the 

other on a TIHE powered engine, remains; trends within both studies point to a single 

hybrid engine as the best selection for the HALE UAV mission proposed. 

Turboprops in the Mach 0.4 switchover cases were better in fuel consumption by 

around 1000 lbf compared to the best engine of any other type.  However, the degraded 

performance of turboprops at the higher altitude and higher Mach numbers kept them 
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from being considered for use as a TIHE powered engine.  At this point, the option of 

having a turboprop as the conventional engine and a turbofan as the TIHE engine had to 

be examined.  The issues of added engine weight of the second engine, of dealing with 

non-operating propellers during the TIHE portion of the mission, and added modification 

and maintenance requirements, made the two-engine model unappealing. 

As a counterproposal to the two engine model, the results of both the conventional 

and TIHE engine selections point to the fact that a mixed stream turbofan engine could 

fly the entire mission with a switchover flight condition of Mach 0.4 and 40,000 ft and be 

the most efficient of all of the turbojets and turbofans tested.  In Fig. 17, all of the 

important parameters (fuel consumed, max power, and cruise power) converge on the 

tfm5407 as the best engine to be used as a hybrid.   
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In Table 5, the design parameters that created the tfm5407 are listed. 

 

Table 5: TFM5407 Turbofan Engine design paramaters 

On-Design 

Mach 0.5 

Altitude 25,000 ft 

πC 30 

LPC π 2.4 

Fan π 2.4 

Bypass Ratio α 4.1 

Max TT4 3200° R 

Engine Size 

Inlet Area 6.38 ft2 

Exit Nozzle Area 3.50 ft2 

Nozzle Length 3.80 ft 
 

 

This hybrid combustion-heat exchanger engine concept had been examined as a 

possible choice for the nuclear fission powered jet engines of the US and USSR’s atomic 

aircraft programs (1, 2, 11, 14).  Since this choice also eliminates the need for a second 

engine and all of the structural and maintenance issues associated with a second engine, 

the addition of the 1000 lbf (4.45 kN) of extra fuel needed by the turbofan was deemed 

favorable. 
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4.6 Modified Aircraft Weight Calculations 

With the selection of the mixed stream turbofan, tfm5407, as the best choice as a 

hybrid engine, aircraft component weight calculations could be made.  Since the initial 

optimization and engine selection process was complete, the engine, tfm5407, selected 

for the hybrid engine configuration was redesignated TIHEX1 for the remainder of the 

study.  The weight values listed here should be considered conservative approximations, 

because care was taken not to underestimate weights.  The weights calculated here fall 

into three categories: current configuration hardware, new fuel weights, and TIHE 

component weights. 

With the assumption that minimal structural changes would be made to the 

airframe, the airframe weight stays the same.  The engine weight for the conventional 

sections of the TIHEX1 engine will be assumed to be roughly the same as the AE3007 

turbofan engine on board the current configuration of the Global Hawk.  Any additional 

weight from the TIHE portion will be accounted in the TIHE component weights.  While 

the decrease in fuel weight allows for additional payload to be added, this value was also 

kept at its current weight.  

The assumption that the aircraft would takeoff at the 25,600 lbf (113.9 kN) weight 

was again used to begin calculations.  A new mission was inputted into AEDsys: 

consisting of the entire conventional-TIHE mission with the Mach 0.4, 40,000 ft 

switchover point.  Fuel weights were the calculated fuel consumed value of 2,616lbf 

(11.6 kN) and a 25% contingency fuel reserve of 654 lbf (2.9 kN).  This represents a 77% 

drop in fuel weight from the current HALE UAV configuration. 
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Also from this AEDsys run, maximum required power for the TIHE mission was 

calculated for the correct weight of the aircraft, at that point in the mission.  That value of 

2.897 MW was then used in the calculation of shielding weights following the method 

described in chapter 3.  The weight of a semispherical shield placed a distance of .5 m 

from the source was 2,616 lbf (11.6 kN).   

A weight estimate for the heat exchanger itself was selected from Hartsfield’s 

heat exchanger research and modified to include a safety factor of approximately 20% (6: 

4-16).  The weight used was 1,500 lbf (6.67 kN) and represents the conservative case for 

heat exchanger weights.  The required TIHE fuel weight was added to ensure 

completeness, but did not amount to a significant percentage of the total weight. 

Additional weight needed to be included in this study for the X-ray triggering 

device and additional modifications made to the engine to allow switchover.  Since 

operational devices have not been manufactured yet, a very rough estimate needed to be 

made.  Several methods were considered ranging from a required power correlation 

method to a fixed weight.  In the end, a fixed weight of 2000 lbf (8.9 kN) was chosen for 

simplicity. 

        With all of the weights accounted for, a value for the eliminated weight was 

easily calculated.  A 5,012 lbf (22.3 kN) or 20% decrease in weight of the HALE UAV 

was possible using a hybrid conventional-TIHE turbofan engine for its mission.  This 

value again represents only a conservative first run iteration on engine selection.  A 

breakdown of component weights by percentage is shown in Figure 18.  This breakdown 

represents a 7-day TIHE cruise and loiter phase with engine switchover at 40,000 ft and 

Mach 0.4. 
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If 20% of the weight was eliminated prior to takeoff, the propulsion requirements 

ase significantly, requiring a smaller engine, burning less fuel for the conventional 

on.  In the same manner, power requirements for the TIHE portion of the mission 

lso drop, culminating in smaller shield weights.  These factors will quickly lead to 

en larger decrease in takeoff weight.  

An iterative method based on this concept was carried out in a second run to 

tigate how much more the weight could be reduced.  The results are tabulated along 

the results from the first weight values in Table 6.  Several AEDsys programming 
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issues required a slight modification of the sea level loiter phase for the second run, 

however final fuel consumed values fell in line with expectations. 

 

Table 6: Weight Calculations for Hybrid powered Global Hawk 

Components TIHEX1 TIHEX2
Take off Weight 25600 20586

Current Configuration
Global Hawk Frame & 
Current AE3007 TF engine 9200 9200
Payload 1900 1900
Dry Weight 11100 11100

Fuel
Conventional Fuel 2616 2371
Contingency Fuel 654 593
Fuel Weight 3270 2964

TIHE Components
Shield Weight 2616 2577
X-ray Ignition & 
modifications 2000 2000
Heat Exchanger Weight 1500 1500
Isomer Fuel 100 100
TIHE Weight 6216 6177

Eliminated Mass 5014 346

New TO weight 20586 20240
*All weights are in lbf  

 

The second iteration started with a takeoff weight of 20,586 lbf (91.6 kN) and 

resulted in only a small decrease in shield and fuel weight, compared to the first iteration.  
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A drop of approximately 346 lbf shows that the iterative process converges quickly on a 

weight breakdown.   

 

4.7 Additional Results 

In order to compare performance of this turbofan hybrid engine, with the J-57 

engine studied by Hartsfield (6), heat required power calculations were also made along 

the conventional legs.  These values only represent the max power needed during each 

leg.  It is important to note, that these calculations assume the TIHE is providing 

momentary thrust and takes into account the decreasing weight of the aircraft due to fuel 

consumption. 

Results, from both iterations of the hybrid TIHEX engines, determined that the 

maximum required power during the entire flight was 17.5 MW at sea level static 

conditions.  This represents around 40% of the required power to drive the J-57 engine at 

full thrust as shown in Hartsfield’s work (6).  The lower power requirements are due to 

lower thrust values and better engine efficiencies.  Shield requirements calculated for this 

full TIHE power version shows the weight of 3,043 lbf (13.5 kN) or an increase of only 

16%. If the entire mission was flown with the TIHE engine and the conventional fuel was 

eliminated an additional 2,800 lbf (12.5 kN) could be eliminated from the weight. 
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5. Conclusions and Recommendations 

This chapter summarizes the research conducted and contains conclusions based 

on the current research and recommendations for continued research. 

 

5.1 Summary of Research 

This study consisted of a selection of a High Altitude Long Endurance ISR 

platform as the best application of TIHE power to jet engines.  Due to radiation and life 

support concerns, using a UAV for this mission was deemed appropriate and the Global 

Hawk vehicle was selected as a baseline HALE UAV for this study.  Selection of 

switchover Mach and altitude conditions were made in conjunction with engine type in 

two separate processes, conventional and TIHE powered flight.  The use of engine design 

(ONX) and mission analysis (AEDsys) software allowed for optimization of engine types 

for each of the nine different switchover conditions.  The optimization for the 

conventional engine hinged on lowest fuel consumption, while the TIHE optimization 

was based on maximum and cruise required power.  Additionally, radiation shield weight 

was calculated based on TIHE maximum required power.  The calculated weights of 

airframe, chemical fuel, heat exchanger, triggering mechanism, and radiation shield led to 

weight comparisons to the Global Hawk reference vehicle. 
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5.2 Conclusions 

The following conclusions are shown here based on the work done during this 

study. 

1.  A turbofan is the best choice for a hybrid chemical-TIHE jet engine for use as 

the primary propulsion unit of a HALE ISR UAV.  It is the most efficient engine in its 

cruise condition at high altitudes, where the aircraft will spend most of its mission.  The 

turbofan also provides sufficient thrust at a reasonable fuel consumption rate during low 

altitude flight. 

2.  Shielding requirements, that hindered the fission powered aircraft program, are 

significantly reduced due to the lack of neutron and radioactive product release in a 

triggered isomer reaction.  This reduction in radiation results in tremendous drops in 

shield weight.  Also, the use of the TI source in unmanned vehicles reduces the shield 

weight appreciably. 

3.  The use of the hybrid turbofan powered by the TIHE for the cruise and loiter 

legs of the mission will not only provide almost limitless endurance but will also 

drastically decrease the weight of a conventional HALE UAV by 20% or more.  

4.  If the restrictions on running the TI source at takeoff were removed, the TIHE 

is capable of providing the heat power for the entire mission, with only a slight increase 

in shielding weight required.  The decrease or elimination of fuel and associated systems 

would net an even larger decrease in total weight. 

5.  Engine configuration could be as simple as an inline direct cycle heat 

exchanger followed by the combustor.  This configuration has been successfully tested in 
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the HTRE tests (14) and could allow the controlled start up of the TIHE while still 

providing thrust for flight.  While the ability for a TIHE to power the turbofan engine 

does not rely specifically on the engine configuration, this in-line direct cycle shows 

promise.  

 

5.3 Recommendations 

The results from this research, point in several interesting directions for future 

study.  They are listed here in no particular order of importance. 

1.  A more intensive optimization of a turbofan engine for hybrid use could be 

accomplished with the reduced weight values.  This study was limited into broad 

selection criteria ending with the selection of engine type.  The goals of this research did 

not require a more rigorous optimization study.  It is possible that with such an optimized 

engine, fuel and power requirements would be even lower, again reducing the weight of 

the aircraft. 

2.  Utilizing the heating requirements found in this study, the design of the actual 

heat exchanger to be used for this engine could be accomplished using methods similar to 

Hartsfield’s research.  An examination of both a direct and in-direct cycle could be 

examined as was done during the NEPA/ANP programs. 

3.   Research into the configuration of the engines, shielding, and ignition system 

would also benefit the research previously accomplished.  Again, significant work has 

been accomplished in this arena during the design of fission powered aircraft. 
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4.  While this study focused on the HALE UAV application, other applications 

could be studied.  Missions such as Air Launched Cruise Missiles would have many 

similarities to this study, but the need for conventional propulsion might be eliminated 

due to the air launch.  Rockets, powered by TI reactions, also hold great promise for 

spacelift and interplanetary propulsion.  
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Appendix A: Conventional Engine Selection Data and Graphs 
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Fuel Consumption Comparison for Switchover Mach of .5
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Fuel Consumption Comparison for Switchover Mach of .6
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Fuel Consumption Comparison for Switchover Altitude of 20 k ft
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Fuel Consumption Comparison for Switchover Altitude of 30 k ft
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Fuel Consumption Comparison for Switchover Altitude of 40 k ft
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Appendix B: TIHE Engine Selection Data and Graphs 
 

Engine Type Engine # 
Xover 
Mach 

Xover 
altitude 
(ft) 

Max 
Power 
(MW) 

Mach 
at Max

Altitude 
at Max 
(ft) 

Tt4 at 
Max (deg 
R) 

Min 
Power 
(MW) 

Mach at 
Min 

Alt at 
Min (ft) 

Tt4 at 
Min 
(deg R)  

Conv 
Fuel used 
(lbf) 

Cruise 
Power 
(MW) 

Single Spool Turbojet tjs4206 0.4 20 k 8.244 0.4 20000 1981.7 3.756 0.6 63250 2702.6 4475 3.756 

Dual Spool Turbojet tj4209 0.4 20 k 8.077 0.4 20000 1967.2 3.867 0.575 55000 2446.7 4380 3.873 

Split Stream Turbofan tfs4213 0.4 20 k 5.916 0.4 20000 2123.9 2.987 0.575 55000 2620.7 3247 3.051 

Mixed Stream Turbofan tfm4213 0.4 20 k 6.244 0.4 20000 2247.3 2.748 0.6 63250 2948.9 3608 2.748 

Single Spool Turbojet tjs4206 0.4 30k 5.228 0.4 30000 1842 3.776 0.567 55000 2372.7 3997 3.795 

Dual Spool Turbojet tj4300 0.4 30k 5.187 0.4 30000 1846.4 3.866 0.567 55000 2448.2 3937 3.916 

Split Stream Turbofan tfs4307 0.4 30k 3.579 0.4 30000 2043.3 2.798 0.567 55000 2668.7 2725 2.896 

Mixed Stream Turbofan tfm4213 0.4 30k 4.035 0.4 30000 2116.9 2.761 0.6 63351 2972.8 3225 2.761 

Single Spool Turbojet tjs4402 0.4 40k 3.916 0.6 60000 2562.9 3.672 0.55 55000 2319.9 3967 3.807 

Dual Spool Turbojet tj4303 0.4 40k 4.033 0.6 60000 2665 3.712 0.4 40000 1853.7 3931 3.935 

Split Stream Turbofan tfs4403 0.4 40k 2.976 0.6 60000 2931.3 2.565 0.4 40000 2056.8 2723 2.924 

Mixed Stream Turbofan tfm4403 0.4 40k 2.888 0.4 40000 2114.9 2.75 0.55 55000 2615 3189 2.775 

Mixed Stream Turbofan tfm5407 0.4 40k 2.65 0.6 60000 2928.2 2.493 0.4 40000 2113 2653 2.567 

Single Spool Turbojet tjs5203 0.5 20 k 13.38 0.5 20000 2295 3.856 0.6 63250 2749.3 5151 3.856 

Dual Spool Turbojet tj5208 0.5 20 k 13.62 0.5 20000 2360.9 3.888 0.6 63250 2813.9 5104 3.888 

Split Stream Turbofan tfs5200 0.5 20 k 9.811 0.5 20000 2509.2 3.057 0.6 63250 3000.3 3787 3.057 

Mixed Stream Turbofan tfm5200 0.5 20 k 9.25 0.5 20000 2659.7 2.588 0.6 63250 3033.3 4008 2.588 

Single Spool Turbojet tjs5303 0.5 30k 8.358 0.5 30000 2115.3 3.757 0.6 63351 2638.7 4320 3.757 

Dual Spool Turbojet tj5308 0.5 30k 8.303 0.5 30000 2147.1 3.898 0.6 63351 2789.1 4252 3.898 

Split Stream Turbofan tfs5303 0.5 30k 6.18 0.5 30000 2327.6 3.093 0.6 63351 3021.3 3184 3.093 

Mixed Stream Turbofan tfm5309 0.5 30k 5.871 0.5 30000 2338.2 2.843 0.6 63351 2937.7 3098 2.843 

Single Spool Turbojet tjs5408 0.5 40k 5.096 0.5 40000 1985.9 3.745 0.6 63465 2609.5 3864 3.745 

Dual Spool Turbojet tj5403 0.5 40k 5.16 0.5 40000 2084.8 3.922 0.6 63465 2823.6 3883 3.922 

Split Stream Turbofan tfs5403 0.5 40k 3.818 0.5 40000 2265.7 3.006 0.575 55000 2662.7 2835 3.023 

Mixed Stream Turbofan tfm5407 0.5 40k 3.42 0.5 40000 2336.7 2.567 0.6 63465 3056.6 2603 2.567 

Single Spool Turbojet tjs6206 0.6 20 k 23.29 0.6 20000 2519.3 3.604 0.6 63250 2374.8 6585 3.604 

Dual Spool Turbojet tj6210 0.6 20 k 23.3 0.6 20000 2609.7 3.774 0.6 63250 2559.4 6525 3.774 

Split Stream Turbofan tfs6203 0.6 20 k 17.82 0.6 20000 3023.4 3.039 0.6 63250 2976.7 4974 3.039 

Mixed Stream Turbofan tfm6211 0.6 20 k 15.31 0.6 20000 3062 2.631 0.6 63250 3011.5 5077 2.631 

Single Spool Turbojet   tjs6300 0.6 30k 14.17 0.6 30000 2382.5 3.668 0.6 63351 2470.5 5138 3.668 

Dual Spool Turbojet tj6305 0.6 30k 14.23 0.6 30000 2478.5 3.814 0.6 63351 2650.9 5085 3.814 

Split Stream Turbofan tfs6310 0.6 30k 10.84 0.6 30000 2790.2 3.062 0.6 63351 3001.6 3888 3.062 

Mixed Stream Turbofan tfm6305 0.6 30k 9.418 30000 2830.9 2.657 0.6 63351 3033.5 3860 2.657 

Single Spool Turbojet tjs6405 0.6 40k 8.423 0.6 40000 2329.5 3.743 0.6 63465 2590.2 4278 3.743 

Dual Spool Turbojet tj6403 0.6 40k 8.453 0.6 40000 2364.1 3.862 0.6 63465 2697.5 4230 3.862 

Split Stream Turbofan tfs6408 0.6 40k 6.316 0.6 40000 2654.9 2.988 0.6 63465 3030.4 3144 2.988 

Mixed Stream Turbofan tfm6401 0.6 40k 5.687 0.6 40000 2694.4 2.675 0.6 63465 3055.3 3914 2.675 

0.6 
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Table D-1: TIHEX 1 & 2 Hybrid engines AEDsys summary pages and Flight 
Performance calculations 

Leg Title PI Beta initial Beta Final 

Wt 
Change 
(lbf) 

Drag 
(lbf) 

Thrust 
(Lbf) 

Time 
(sec) 

Distance 
(nmi) 

Fuel 
Consumed 
Totals (lbf) 

TIHEX 1          
1 Warm u 0.99779 1 0.99779 56 0 5241 60 0 56 
2 1-2 B 0.99704 0.99779 0.99484 76 2967 5211 59.9 1.12 132 
3 1-2 C 0.99989 0.99484 0.99473 3 2967 5081 3 0.11 135 
4 2-3 Ea 0.96927 0.99473 0.96416 783 752 5049 1091.2 56.94 918 
5 Xover- 0.99539 0.96416 0.95971 114 739 739 784.6 50 1032 
6 Xover- 0.99538 0.95971 0.95528 113 735 735 784.6 50 1145 
7 Xover- 0.99538 0.95528 0.95087 113 732 732 784.6 50 1258 
8 Xover- 0.99537 0.95087 0.94647 113 729 729 784.6 50 1371 
9 40k TI 1 0.94647 0.94647 0 725 725 0 0 1371 
10 45k TI 1 0.94647 0.94647 0 714 714 0 0 1371 
11 50k TI 1 0.94647 0.94647 0 703 703 0 0 1371 
12 55k TI 1 0.94647 0.94647 0 690 690 0 0 1371 
13 60k TI 1 0.94647 0.94647 0 743 743 0 0 1371 
14 TIHE C 1 0.94647 0.94647 0 741 741 0 0 1371 
15 xover2 0.99537 0.94647 0.94208 112 725 725 784.6 50 1483 
16 xover2 0.99536 0.94208 0.93771 112 722 722 784.6 50 1595 
17 xover2 0.99535 0.93771 0.93335 112 719 719 784.6 50 1707 
18 xover2 0.99535 0.93335 0.92901 111 716 716 784.6 50 1818 
19 Sea Le 0.9664 0.92901 0.8978 799 756 756 3600 0 2617 
TIHEX 2          
1 Warm u 0.99726 0.806 0.80379 56 0 5241 60 0 56 
2 1-2 B 0.99788 0.80379 0.80209 44 2393 5211 37.7 0.63 100 
3 1-2 C 0.99986 0.80209 0.80198 3 2393 5113 3 0.1 103 
4 2-3 Ea 0.97009 0.80198 0.77799 614 652 5049 852.4 44.39 717 
5 Xover- 0.99498 0.77799 0.77408 100 618 618 784.6 50 817 
6 Xover- 0.99496 0.77408 0.77019 100 616 616 784.6 50 917 
7 Xover- 0.99495 0.77019 0.76629 100 614 614 784.6 50 1017 
8 Xover- 0.99493 0.76629 0.76241 99 612 612 784.6 50 1116 
9 40k TI 1 0.76241 0.76241 0 610 610 0 0 1116 
10 45k TI 1 0.76241 0.76241 0 604 604 0 0 1116 
11 50k TI 1 0.76241 0.76241 0 592 592 0 0 1116 
12 55k TI 1 0.76241 0.76241 0 576 576 0 0 1116 
13 60k TI 1 0.76241 0.76241 0 610 610 0 0 1116 
14 TIHE C 1 0.76241 0.76241 0 597 597 0 0 1116 
15 xover2 0.99492 0.76241 0.75854 99 610 610 784.6 50 1215 
16 xover2 0.99491 0.75854 0.75468 99 608 608 784.6 50 1314 
17 xover2 0.99489 0.75468 0.75082 99 606 606 784.6 50 1413 
18 xover2 0.99488 0.75082 0.74697 98 604 604 784.6 50 1511 
19 Sea Le 0.98392 0.74697 0.73497 307 719 719 1360.6 50 1818 
20 Sea Le 0.9837 0.73497 0.72298 307 716 716 1360.6 50 2125 
21 Sea Le 0.98675 0.72298 0.7134 245 712 712 1088.5 40 2370 
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